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Abstract 
 
Sweetpotato (Ipomoea batatas) is an important food crop grown widely throughout the world. In 
Papua New Guinea (PNG), sweetpotato is a staple food, with more than two-thirds of total 
production occurring in the highlands region. Although mound cultivation is commonly used for 
sweetpotato production throughout PNG, a unique cultivation method is used in the Western 
highlands provinces whereby sweetpotato is grown on a large mound amended with plant residues. 
Decomposition of these residues releases nitrogen (N) and increases mound temperature, which is 
suspected to improve storage root production of sweetpotato. This culture is a near permanent 
system and has the potential to intensify production throughout the region. However, even though 
large mound culture is a well-documented cultivation system, little research has been conducted 
to investigate the exact mechanisms affecting sweetpotato yield. This research examines two 
factors, N nutrition and root zone temperature (RZT), that are thought to be main drivers for 
improving sweetpotato production under the large mound culture. 
 
To investigate N and RZT effects, three different studies were conducted.  These were designed 
to examine the effect of (i) N supply on sweetpotato growth and yield in the glasshouse and the 
field; (ii) RZT on sweetpotato growth and yield under glasshouse conditions; and (iii) the 
combined effect of N supply and root zone temperature on sweetpotato growth and yield in the 
field.  
 
The first study investigated the effect of N supply on growth and yield of Beauregard sweetpotato 
cultivar in glasshouse and field trials. In the glasshouse trial, with staked plants, there was a linear 
increase in the number and dry-biomass of storage roots in response to increasing N supply up to 
a rate of 130 kg ha-1, while further increases of N above optimum rates (>130 kg ha-1) did not 
change any of these attributes. With increasing N supply, the dry-biomass of storage roots linearly 
increased with aboveground biomass and leaf area; indicating plants could maintain high 
photosynthetic capacity of the canopy. In the field trial, N supply had no effect on the number of 
storage roots formed, and increasing N by more than 260 kg ha-1 reduced the total yield of 
sweetpotato by up to 14%. This yield reduction was largely due to excess growth of the 
aboveground biomass, which increased respirational demand at the expense of storage root yields. 
In this study, while there was no evidence that high N supply inhibited storage root formation, 
high N supply significantly reduced storage root yield of sweetpotato in the field.  
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The second study investigated how the formation and dry-biomass accumulation of storage roots 
was affected by i) a constant elevated RZT in Beauregard cultivar, and ii) a short-term increase in 
RZT in Beauregard and Northern Star cultivars. A split root system was employed for plant 
cultivation, whereby a growing pot was divided into a control (RZT kept constant at 20°C) and 
treated compartment (RZT increased to 30, 40, or 50°C). The results showed that a constant 
elevated RZT did not affect the total number of storage roots formed in Beauregard, but a constant 
RZT of 30°C and above reduced the total storage root dry-biomass production. The short-term 
increase in RZT had no effect on the storage root number or biomass of Beauregard, but did 
reduced storage root formation and dry-biomass production in the Northern Star at a RZT of 50°C. 
These results suggest that an elevated RZT inhibits dry-biomass accumulation in storage roots, 
with a more pronounced effect occurring at a constant elevated RZT. This indicates that the crude 
manipulation of RZT that can be achieved through the breakdown of plant residues amended to 
the large mounds would be as likely to adversely affect yield, as it would be to increase yield. 
 
To further examine the mechanism responsible for increasing sweetpotato yields in the large 
mounds, a third study was carried out to investigate the influence of the type of land preparation 
(mounds versus flatbeds) and soil fertility management (lucerne (Medicago sativa) addition versus 
fertiliser addition) on the growth and yield of Beauregard and Northern Star sweetpotato cultivars. 
The final yield of sweetpotato grown with fertiliser addition was 20% greater than that in plants 
grown with lucerne addition. This was associated with an up to 31% greater absolute growth rate 
(AGR) and 24% greater relative growth rate for plants grown using fertiliser. than plants grown 
using lucerne addition at 4 to 8 weeks after planting (WAP). Although neither land preparation 
nor soil fertility management had any effect on leaf area index (LAI), there was a significant 
interaction between land preparation and soil fertility with sweetpotato grown on the mounds with 
lucerne addition having a significantly lower LAI than other treatment combinations at 8 WAP. 
The RZT of the mounds amended with lucerne also tended to be up to 8ºC higher than that 
observed in the other treatments until 8 WAP. Land preparation and cultivars had no effect on 
storage root yield. However, an approximately twofold greater AGR, LAI and N accumulation 
resulted in greater aboveground and total plant dry-biomass in the Northern Star compared to the 
Beauregard cultivars. It is believed that a mismatch between N supply and plant growth occurred 
in lucerne addition treatments, and that this negatively affected photoassimilate production and 
allocation to storage roots. In addition, the high RZT could have changed the metabolism of 
photoassimilates by enhancing storage root respiration, leading to reduced dry-biomass 
accumulation of the storage roots. 
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Overall the results from these studies indicated that large mound culture may not be a cultivation 
system that will consistently improve sweetpotato production. This could be largely attributed to 
the mismatch between N supply and plant demand, and the negative impacts of elevated RTZ on 
storage root growth during the early growing season. Synchronizing the sensitive stage of plants 
with favourable conditions during the growing season would help to maintain or improve 
sweetpotato yield production on the large mound culture.  
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Chapter 1 Research Overview 
 
1.1 Research background 
 
It has been projected that the world’s population will increase to 9.8 billion people by 2050, an 
increase of 30% (United Nations 2017). To feed this increase in population it has been estimated 
that food production will need to increase by at least 50% (FAO 2017; Von Braun 2007). In recent 
decades, much productive agricultural land has been converted to residential and other land uses 
without considering the world’s food security needs (Nellemann 2009). Thus, it has become 
essential to identify more efficient methods of crop production, which will allow increased food 
production from our existing agricultural land in order to feed the world’s population. 
 
Sweetpotato (Ipomoea batatus L) is an important root crop that serves as a staple food, raw 
material in the commercial production of flour and noodles, and as an animal feed (Lebot 2009). 
Globally, 8 million hectares of agricultural land are used to produce 107 million tons of 
sweetpotato, with the main production regions concentrated in developing countries in Asia (74% 
of global yield) and Africa (21% of global yield) (FAOSTAT 2017). While sweetpotato in 
developed countries is produced on large scale farms with intense soil management, sweetpotato 
in developing countries is mostly grown on small scale farms with marginal soil fertility and nearly 
no external nutrient inputs (Firon 2009).  
 
Papua New Guinea (PNG) is one of the developing countries that consume sweetpotato as a staple 
food. In the last 50 years, the population of PNG has doubled due to a population growth rate of 2 
to 3% per annum. However, during this time, neither the area of land under agricultural production, 
nor sweetpotato yields, have increased in line with the population (Wegener et al. 2009). 
Considering the production of sweetpotato would remove 26 to 110 kg N ha-1, 6 to 25 kg P ha-1, 
and 60 to 250 kg K ha-1 (O'Sullivan et al. 1997), intensification of sweetpotato production using a 
swidden cropping system is likely to result in significant soil nutrient depletion. In fact, surveys 
and experiments carried out in PNG indicate that decline in soil fertility is one of the most 
significant factors limiting sweetpotato production in both lowlands and highlands regions 
(Hartemink et al. 2000b; Kirchhof et al. 2009). Farmers are fully aware of the decline in soil 
fertility due to the nutrient removal by crop production (as expressed by declining crop yield); 
however, they have not increased nutrient inputs because they do not have access to conventional 
fertilisers. Instead, farmers utilise short fallows and large mound culture to maximise the use of 
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available nutrient sources and maintain or improve crop production (Bourke and Ramakrishna 
2009).  
 
In Enga province (EP), Southern Highlands province (SHP) and Western Highlands province 
(WHP) of PNG, sweetpotato is commonly cultivated under the large mound culture (Taraken and 
Ratsch 2009). This culture involves the creation of large mounds by placing plant residues, such 
as dried sweetpotato vines, weeds, and grasses, either into the center of the mounds or on the 
ground covered with loose soil (Bourke and Ramakrishna 2009). Sweetpotato is then directly 
planted on the soil surface of the mounds. It has been reported that the plant residues added to the 
mound can supply adequate nutrients for the sweetpotato at the right time to improve growth and 
yield (Taraken and Ratsch 2009). However, there is currently poor understanding of exactly how 
plant residues in the mounds affect the sweetpotato yield production, and in particular, how they 
affect storage root formation and growth. 
 
In all cropping systems, soil fertility is a key determinant of crop productivity (Badgley et al. 
2007), with N in particular a key nutrient limiting plant growth (Lemaire and Gastal 1997). Under 
cropping systems where no mineral-N fertiliser is applied to plants, mineralisation of soil plant 
residues determines plant available N (Cayuela et al. 2009). Addition of plant residues can thus be 
a vital strategy for maintaining soil fertility and using land sustainably. Under the large mound 
culture, the decomposition of plant residues can contribute N for plant uptake. Sweetpotato may 
first utilise N from the surface soil of the mound during its establishment stage, and then absorb 
the N that is mineralised from plant residues deep in the mound in later growth stages (Sillitoe 
1996; Taraken and Ratsch 2009). The slow release of N from decomposition could prevent 
excessive vegetative growth, which can occur at the expense of the storage roots, decreasing yields 
(Leng 1982a; Leng 1982b; Taraken and Ratsch 2009). However, despite high soil N availability, 
plant sample analysis of sweetpotato crops grown using the mound culture have revealed N 
deficiency in sweetpotato tissues, suggesting that the decline in the yield of sweetpotato may also 
be associated with sub-optimum N uptake (Kirchhof et al. 2009; Wegener et al. 2009). In order to 
enhance the benefits of plant residues on soil fertility, and N fertility in particular, it is critical to 
match the N release from decomposing residues with plant N uptake patterns. 
 
Under conventional systems, the N fertiliser rates reported to produce maximum sweetpotato 
yields range from zero to 240 kg ha-1 (Guertal and Kemble 1997; Hartemink et al. 2000a; Phillips 
et al. 2005; Villagarcia 1996). Such a wide range indicates that the magnitude of the N limitation 
depends on cultivars, agronomic practices, edaphic, and climate conditions (Lebot 2009; 
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Villagarcia et al. 1998). It should also be noted that while the use of N fertiliser over the optimum 
rate has been observed to result in no change in yield; i.e. a yield plateau (Villagarcia 1996), often 
excess N supply is reported to negatively impact yield due to a suppression in storage root 
formation and/or growth (Hartemink et al. 2000a). Although the use of mineral-N fertiliser is very 
common in commercial sweetpotato production, it is currently unclear when a yield plateau versus 
a yield decline is likely to occur. 
  
Another factor affecting the growth and yield of sweetpotato grown in large mounds is the heat 
produced during the decomposition of plant residues. Root zone temperature (RZT) has been 
recognised as a vital factor controlling the establishment of plant root systems (Kaspar and Bland 
1992). Decomposition of plant residue inside the mound generates heat and  increases  the 
temperature inside the mounds (Nambiar et al. 1982; Tryon and Chapin 1983). Sweetpotato roots 
would therefore experience elevated temperatures in their root zone. Changes in RZT to above or 
below the optimum range affect the mechanisms of root growth and development (Barlow and 
Adam 1989). For example, sweetpotato plants grown with a RZT of 35°C for 60 days showed an 
increase in lignification of the stele, resulting in a significant reduction of storage root formation 
and biomass accumulation, compared to plants grown with a RZT of 25°C (Ueki and Sasaki 1987). 
This phenomenon occurs due to the parenchyma cells around the vessels developing a marked 
lignification, inhibiting secondary vascular cambium development, and thus limiting storage root 
formation (Ueki and Sasaki 1987). Even short-term exposure to elevated temperatures can cause 
a negative response in sweetpotato root systems. For example, when sweetpotato adventitious 
roots were exposed to a RZT of 40°C for three or six hours per day, accelerated lignification of 
the stele cells occurred, indicating anatomical difficulty in developing adventitious roots as storage 
roots (Nakatani 1993). Whilst this study was undertaken at only one WAP, and did not cover the 
critical period for storage root formation of one to four WAP (Villordon et al. 2009b), the effect 
of exposing crop roots to constant increases in RZT have been fairly well established.  However, 
the effects of exposing roots to short elevations in RZT have been less well explored. 
 
Few studies have investigated the increase in mound temperature in PNG, for example, Sterly 
(1977) and Waddel (1972) suggested that the elevation of soil mound temperature can be up to 
6°C, but it was not linked to storage root formation.  Unpublished anecdotal observations from 
researchers and extension staff in the Highlands of PNG suggested that elevated RZT in the large 
mounds may actually improve, rather than inhibit, storage root production (Taraken and Ratsch 
2009), in particuar in cooler high altitude regions. However, unpublished data from the PNG 
highlands also reported that soil temperature during decomposition of plant residues in the mounds 
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varies largely from mound to mound and depends on amount and type of biomass added to the 
mounds. Fast decomposing biomass could possibly lead to above optimum temperatures for root 
growth and storage root formation. A better understanding of RZT effects on sweetpotato yield in 
large mound culture is needed to improve productivity in these indigenous systems. 
 
To meet the increased food needs of PNG, a greater understanding is clearly required of how best 
to use the large mound culture to optimise sweetpotato productivity (as expressed as storage root 
formation and growth).  There is currently lacking of experimental studies that have examined the 
underlying mechanisms responsible for altering sweetpotato growth and yield in large mound 
culture. A greater understanding of how sweetpotato responds to changes in N supply and RZT, 
and thus why yield responses are observed in these systems, will provide land managers/farmers 
with a better understanding of how these systems work, and how they can potentially be 
manipulated to increase production and yield.  
 
1.2 Research aims and objectives 
 
The aim of this project was to investigate the growth and yield response of sweetpotato to (1) plant 
available N and (2) the RZTs associated with large mound culture systems. A series of trials was 
conducted to test the objectives and hypotheses listed in Table 1.1 using laboratory, glasshouse, 
and field studies. The first study (Chapter 3) aimed to investigate the response of sweetpotato 
storage root formation and yield to N application rates in the glasshouse and in field trials on a 
commercial grower’s property at Bundaberg, Queensland, Australia (24°50'57.1"S 
152°24'13.2"E). The second study (Chapter 4) aimed to evaluate whether RZT affects the 
formation and growth of sweetpotato storage roots. This study was first conducted in the laboratory 
to investigate the magnitude and duration of the temperature change observed when plant residues 
comparable to those incorporated in the mounds were allowed to decompose.  Results from this 
study were then used to guide the design of the three subsequent glasshouse experiments conducted 
to examine the effect of these temperature increases on sweetpotato root growth and yield. The 
third study (Chapter 5) was conducted as a field trial at the crop research unit, the University of 
Queensland: Gatton campus, Queensland, Australia, (Lat. 27˚33ˊS, Long. 152˚20ˊE).  This trial 
assessed sweetpotato growth and yield in plants grown under large mound conditions. While the 
first and second studies investigated the responses of sweetpotato to N availability and elevated 
RZT in detail, this study investigated the growth and yield of sweetpotato plants grown using the 
large mound culture system compared to plants grown using flatbeds and conventional fertiliser 
application. 
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Table 1. 1 Experiment objectives and hypotheses 
 
Experiment 1: Growth and yield response of glasshouse- and field-grown 
sweetpotato to nitrogen supply 
Objective: To investigate the response of sweetpotato storage root formation and 
yield to N supply rates in the glasshouse and field  
Hypothesis: High N supply rates will suppress storage root formation and growth, and 
consequently reduce yield 
Experiment 2: Root zone temperature alters storage root formation and growth of 
sweetpotato  
Objective: To elucidate the response of sweetpotato storage root formation and 
growth to RZTs similar to those occurring in PNG mound cultures in the 
laboratory and glasshouse trials 
Hypothesis: High RZT will improve the storage root formation and growth of 
sweetpotato  
Experiment 3: Growth and yield response of sweetpotato grown using either large 
mounds or flatbeds with plant residue or fertiliser addition 
Objective: To assess the effects of the large mounds on the growth and yield of 
sweetpotato in the field. 
Hypothesis: The large mound culture would produce similar, or greater sweetpotato 
yields compared to conventional management with fertiliser 
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Chapter 2 Literature Review  
 
2.1 Introduction 
 
Sweetpotato (Ipomoea batatas) is grown throughout the world for its storage roots, which provide 
nutrition and energy (Padmaja 2009). In the last 50 years, the use of sweetpotato has expanded 
beyond its classiﬁcation as a subsistence, food security, and famine-relief crop (Loebenstein and 
Thottappilly 2009), and it now serves as a stock food and can be processed into secondary 
products, such as flour and noodles, which can generate income (Lebot 2009; Loebenstein and 
Thottappilly 2009). It is well established around the world, historically due to its use in subsistence 
agriculture, but now also as a crop employed in modern agricultural systems (Lewthwaite 2005). 
Sweetpotato has thus played an important role in the economy of poor households in developing 
countries, and has become a staple food for communities in the highlands of Uganda, Rwanda, 
Burundi in Eastern Africa, and Papua New Guinea (PNG) (Bovell‐Benjamin 2007; Lebot 2009).  
 
In PNG, sweetpotato is the most important food crop, and provides 50% by weight of the staple 
food crops produced (Bourke and Ramakrishna 2009). In the highlands of PNG (>1200 m altitude), 
sweetpotato has become the sole staple crop and is commonly cultivated using a large mound 
culture (see section 2.3) (Bourke 2005a). It has been suggested that large mound cultures benefit 
sweetpotato production due to the N mineralisation and elevated temperatures that occur within 
the mounds as a result of plant residue decomposition (Kapal et al. 2010; Kirchhof et al. 2009; 
Taraken and Ratsch 2009). However, the exact mechanisms responsible for increasing storage root 
growth and yield remain unclear. A better understanding of these mechanisms is critical, however, 
for improving sweetpotato productivity. 
 
This literature review aims to summarise information relevant to the study of sweetpotato 
production in PNG to provide a foundation from which to analyse production using large mound 
cultures.  Firstly, current knowledge of the sweetpotato will be summarized, including sweetpotato 
cultivation and its growth in the highlands of PNG. Secondly, the current literature on 
decomposition and N mineralisation processes will be examined, with a focus on those studies 
relating to sweetpotato production in the PNG highlands. Thirdly, the role of N nutrition in plant 
growth and yield, particularly sweetpotato yield, will be reviewed. Finally, current knowledge of 
the effects of root zone temperature (RZT) on sweetpotato growth and yield production will be 
summarised.  
 
 7 
 
2.2 Sweetpotato  
 
Sweetpotato is an herbaceous dicotyledonous plant grown primarily as a root crop, and cultivated 
throughout the tropics, sub-tropics and warm temperate regions (Lewthwaite 2004; Ravi and Indira 
1999). The underground storage organs of sweetpotato, called storage roots, are the thickened 
portion of true roots, as for cassava (Manihot esculenta L.) (Lebot 2009). To distinguish 
sweetpotato from potato (Solanum tuborosum L.), the crop is commonly referred to using the 
spelling ‘sweetpotato’, rather than the older version of ‘sweet potato’ (Lewthwaite 2004). 
 
2.2.1 Morphological description of sweetpotato  
 
2.2.1.1 Aboveground organs 
 
Sweetpotato has long vines that creep along the soil surface, and each node on these vines can 
produce roots as they come in contact with the soil (Belehu 2003). The length of vines and their 
internodes vary by cultivar, and can range from one to five meters for vines, and two to 20 cm for 
internodes (Lebot 2009). Planting density significantly affects the length of vines and internodes 
(Somda and Kays 1990). Branching is cultivar dependent, and each vine can comprise of three to 
20 branches (Huaman 1992). The leaves of the sweetpotato are spirally arranged on the vine and 
their size and shape varies within a plant (Truong et al. 2011). The number of leaves is affected by 
plant density, soil moisture, and N application (Ravi and Indira 1999). Colours are highly variable, 
and can range from light green to purple (Lebot 2009). Petiole lengths range from five to 33 cm 
and can be either green or purple (Huaman 1992). Sweetpotato flowers develop solitarily or as 
clusters. They have five sepals joining to form a funnel-shaped corolla tube with stamens attached 
(Lebot 2009). The seed is black, three mm long, flattened on one side, and convex on the other. 
Since the seed coat is impermeable to water and oxygen, scarification by mechanical clipping or 
chemical treatment is required for germination (Onwueme 1978). 
 
2.2.1.2 The root system 
 
Sweetpotato is commonly planted from vine cuttings, so that all initial roots are adventitious and 
originate from within the underground stem tissue (Belehu 2003). Based on its origin, the root 
system of sweetpotato is divided into the adventitious roots and the lateral roots (Belehu 2003; 
Kays 1985). The adventitious roots are developed from the preformed root primordia, which are 
visible on the stem, whereas lateral roots arise directly from adventitious roots (Belehu et al. 2004). 
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During early ontogeny when adventitious roots emerge, they can be subdivided into thin (<2 mm 
in diameter) and thick (2 to 5 mm in diameter) roots (Togari 1950). Thin roots typically are tetrarch 
or pentarch in the arrangement of their primary vascular tissue in the stele (Figure 2.1-a), whereas 
the thick roots are usually hexarch or septarch in structure and contain central pith with or without 
central metaxylem (Figure 2.1-b) (Belehu 2003; Kays 1985). It should be noted that roots may 
change from pentarch or hexarch to tetrarch along their length (Kays 1985; Wilson 1982). 
 
 
 
 
 
 
 
 
Figure 2.1 Anatomy of a sweetpotato root system. (a) Micrograph of a transverse section of a root 
with a pentarch stele and central metaxylem cell, indicating the beginning of a lignified stele. (b) 
Micrograph of a transverse section of a root with a septarch stele without central metaxylem cell: 
roots with this structure have potential to develop into storage roots. Reproduced from Belehu 
(2003). 
 
a) Storage roots  
 
The formation of storage roots generally occurs from the primary stellar structure of thick roots 
(Togari 1950). Storage roots arise from hexarch or higher polyarch thick young roots and contain 
central pith with or without central metaxylem (Figure 2.1-a) (Belehu 2003). Anatomically, the 
development of storage roots occurs in five stages (Belehu 2003; Kays 1985; Wilson and Lowe 
1973b). First, the adventitious roots develop the primary cambium between the protophloem and 
protoxylem. Second, the vascular cambium is developed in the parenchymatous zone between the 
protophloem and protoxylem, and lignification of the stele is inhibited. Third, anomalous cambia 
are developed around the central cell and primary cambia (primary xylem elements). Fourth, 
secondary cambia are formed around secondary xylem elements derived from the vascular 
cambium. Finally, cell division and expansion in these cambia regions lead to rapid thickening of 
the roots. Togari (1950) concluded that the balance between cambium development and 
lignification determines the final storage root number and yield, and the appearance of anomalous 
cambia represents the induction phase of storage roots (Wilson and Lowe 1973b). The period 
(a) (b) 
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spanning from one to five weeks after planting (WAP) is critical in determining whether 
adventitious roots become lignified or are initiated as storage roots (Villordon et al. 2009a).  
 
The development of adventitious roots into storage roots typically occurs within 8 WAP (Lowe 
and Wilson 1974), and can occur as early as 2 WAP (Villordon et al. 2009b). The number of 
storage roots reaches its maximum between 7 and 8 WAP, after which the crop will stop forming 
new storage roots (Wilson 1982). Yield inconsistency tends to be a function of variability in the 
early stage of growth, and can be influenced by cultivar, plant materials, environmental, and soil 
factors (Villordon et al. 2009a). Numerous studies have been conducted to investigate the 
influence of environmental and nutritional factors on storage root development (Lewthwaite and 
Triggs 2012; Mortley et al. 1993; Wilson 1973). Several factors have been found to inhibit storage 
root development, including waterlogged soil conditions (Kays 1985), high amount of nitrogen 
(N) application (Wilson 1973), and gibberellin supply (McDavid and Alamu 1980). In contrast, 
storage root formation is stimulated under high potassium (K) supply (Bourke 1985), exposure to 
daily light period and irradiance (Mortley et al. 2009), and well aerated soil conditions 
(Lewthwaite and Triggs 2012). However, it is unclear whether these controlling factors trigger 
lignification or the proliferation of cambium cells of the adventitious roots, and if they do, when 
and how they regulate the equilibrium between these two functions.  
  
b) Pencil roots 
 
Under unfavourable conditions, young thick adventitious roots will develop into pencil roots that 
have a limited capacity to store carbohydrate (Kays 1985). Anatomically, the thick adventitious 
roots develop a primary cambium between the protophloem and protoxylem. Then, the 
lignification of the stele is developed and proliferation of vascular cambium in the parenchymatous 
zone between the protophloem and protoxylem is suppressed. Finally, the development of storage 
roots is halted (Wilson and Lowe 1973b). However, some secondary cambia are allowed for lateral 
thickening, which leads to uniform thickening of the entire root and the formation of the pencil 
root (Belehu 2003).  
 
c) Fibrous roots 
 
Fibrous roots are developed mainly from thin adventitious roots, and do not have the ability to 
store carbohydrate because of a heavily lignified stele and very low level of vascular cambium 
activity (Belehu 2003; Wilson and Lowe 1973b). The fibrous roots are branched, with lateral roots 
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forming a dense network throughout the root zone for water and nutrient acquisition, and also to 
anchor the crop (Lewthwaite 2004). Fibrous root formation is stimulated by nutritional and 
environmental conditions such as high N application, low oxygen within the root zone, and low 
soil moisture (Chua and Kays 1981; Truong et al. 2011). 
 
d) Lateral roots 
 
Lateral roots of sweetpotato emerge from existing roots, including storage roots, pencil roots and 
fibrous roots (Belehu et al. 2004; Kays 1985). Generally, lateral roots are made up of primary, 
secondary, and rarely tertiary laterals. Lateral roots emerging from the primary laterals are called 
secondary laterals, and those emerging from secondary laterals are called tertiary laterals (Kays, 
1985). Lateral roots have an important exploratory function to acquire water and nutrients from 
the soil, provide anchorage, and establish biotic interactions in the rhizosphere (López-Bucio et al. 
2003). A recent study observed that the initiation of lateral roots in the field could be detected as 
early as nine days after planting (DAP) and four days after adventitious roots emerged (Villordon 
et al. 2011). The first-order lateral roots were formed after the adventitious roots had elongated, 
while it took some time before the second- and the third-order lateral roots appeared (Pardales and 
Yamauchi 2003) . 
 
Lateral root growth is influenced by both environmental and nutritional factors (Pardales and 
Yamauchi 2003; Villordon et al. 2013). Sweetpotato cultivars exposed to either continuously 
moisture deficient or waterlogged conditions have shown an overall reduction in lateral root 
number, total length and surface area (Pardales and Yamauchi 2003; Villordon et al. 2012). It has 
also been observed that lateral root length and number were increased with increasing N fertiliser 
application from 0 to 50 kg-N ha-1, but that rates of 100 and 200 kg-N ha-1 did not result in further 
increases (Villordon et al. 2013). 
 
2.2.2 Sweetpotato growth cycle 
 
The development of sweetpotato from cuttings can be divided into three phases: an initial, an 
intermediate, and a final phase (Lewthwaite 2004). In the initial phase, there is slow growth of the 
vegetative parts and rapid growth of the young adventitious roots. During the intermediate phase, 
vines grow fast and produce a large leaf area, and storage roots begin to form (Hahn and Hozyo 
1984). At the end of the intermediate phase, the aboveground and the root system are fully 
established (Lebot 2009). During the final phase, growth of aboveground and lateral roots is slow, 
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while bulking of storage roots is rapidly increased (Hahn and Hozyo 1983; Lebot 2009). During 
this phase, photoassimilate is allocated to the storage roots and then transformed into starch. Large 
amounts of starch are deposited in the storage roots (Wilson and Lowe 1973b). These three phases 
may overlap, and their duration varies greatly depending on cultivar and environmental conditions. 
In tropical conditions, the initial phase occurs during the first 40 DAP, the intermediate phase 
occurs from 40 to 70 DAP and the final phase happens from 70 to 120 DAP, or the end of the 
season (Lebot 2009).  
 
2.2.3 Favourable growth conditions for sweetpotato 
 
Sweetpotato produces large amounts of biomass when the air temperature ranges between 20°C 
and 30°C, but the plant grows best when the temperature is at 24°C (Ravi and Indira 1999). Air 
temperature below 10°C drastically limits the growth; and the plant tissue is physically damaged 
at 1°C. Hence, relatively high air temperature is crucial for high yields (Taraken and Ratsch 2009). 
The soil temperature also affects the root growth. It has been reported that the optimum soil 
temperature for storage root development is 25°C, while temperatures of under 15°C or over 35°C 
limit the development of storage roots (Spence and Humphries 1972). Deficient and excessive soil 
moisture can also have adverse effects on storage root yield; however, the severity of the stress 
depends on the stage of sweetpotato development (Lewthwaite and Triggs 2012). For instance, 
water deficiency, particularly during the first six WAP, reduces canopy size and subsequently 
reduces yields substantially. This is partly because water stress cause lignification of the fibrous 
roots (Lewthwaite and Triggs 2012). Bourke (2005a) has also suggested that inadequate soil 
moisture limits the growth of storage roots during the bulking period. Excessive water during the 
early period of growth also affects sweetpotato growth by stimulating vegetative growth while 
lowering storage root production (Chua and Kays 1981).  
 
2.3 Sweetpotato cultivation in the highlands of Papua New Guinea  
 
Sweetpotato, called kaukau in PNG, is the most important food crop in PNG, providing two-thirds 
by weight of the staple food crop (Bourke and Ramakrishna 2009). It is cultivated across the 
country from sea level to about 2700 m altitude, and occasionally up to 2850 m altitude (Hughes 
et al. 2009). In the highlands, sweetpotato has become the sole staple crop, with anywhere between 
6 and 71 cultivars in use (Bourke 2005a). Sweetpotato is grown in a wide range of edaphic and 
climatic conditions in the highlands, including soil textures ranging from light sandy loams to 
heavy clays (Hughes et al. 2009), and annual rainfall ranging from 1,800 to 5,000 mm (Bourke 
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and Ramakrishna 2009). The temperature at which it is grown is greatly influenced by altitude; at 
1,600 m altitude, mean minimum and maximum temperatures are about 13°C and 24°C, 
respectively, whereas at 2,700 m altitude, they are about 8°C and 18°C, respectively (Bourke 
2005a).  
 
2.3.1 Large mound culture 
 
Most agricultural production in PNG is based on slash-and-burn agriculture, which is characterised 
by a short cropping time followed by a period where land is left fallow (Sillitoe 1998). However, 
population growth has resulted in increasing intensification of land-use, leading to decreases in the 
length of fallow periods (Bourke 2005a). This shortening of the fallow period can lead to declines 
in soil fertility, which can negatively affect long-term crop productivity (Kirchhof et al. 2009). 
One cultural practice used by farmers in the highlands to manage soil fertility is the formation of 
soil into either circular mounds, or occasionally planting beds that are rectangular or square in 
shape (Bourke and Ramakrishna 2009).  
 
The mounds used in PNG agricultural systems may be either small or large. Small mounds are 
usually smaller than 100 cm in diameter and average 10 to 40 cm in height (Bourke and Allen 
2009; Wohlt 1986). They are used to remove excess soil water and raise crops above a moist soil 
to increase the depth of useable top soil. No plant residues are added to this type of mound.  Large 
mounds (known locally as Engan mounds, or in several reports as composted mounds) are usually 
more than 250 cm in diameter and 70 cm in height (Bourke 2005a), although occasionally smaller 
mounds 100 to 250 cm in the diameter and 40 to 70 cm in the height may be constructed.  Plant 
residues are added to these mounds to improve soil fertility. In this research the term ‘mound 
culture’ will only be used to refer to large mounds with plant residue addition.  This technique is 
widely used for improving soil fertility in sweetpotato agronomy over the wide range of Enga 
province (EP), Southern highlands province (SHP) and Western highlands province (WHP) 
(Figure 2.2) (Bourke and Allen 2009; Wohlt 1986). Almost a quarter of PNG’s population lives in 
locations where mound containing plant residues are used, and this technique is commonly used 
for food production (Bourke and Allen 2009). 
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Figure 2.2 Map of Enga, Southern highlands and Western highlands provinces were mounds are 
regularly established. Map scale of 1:50000. Reproduced from Taraken and Ratsch (2009).  
 
2.3.1.1 Mound construction  
 
Several types of plant residues are used in mound construction. For instance, in Lai Valley, Enga 
province, dried sweetpotato vines, highland pitpit leaves (Sataria palmifolia), banana leaves (Musa 
paradisiaca) and sugar cane leaves (Saccharum officinarum) are all used. Grasses and weeds are 
commonly added to the mounds in Menyamya and Wagau in the Snake River Valley, Morobe 
province (Bourke and Allen 2009; Taraken and Ratsch 2009). Fresh sweetpotato vines and storage 
roots are generally excluded to avoid regrowth (Taraken and Ratsch 2009). The rate of plant 
residue application varies from area to area, ranging from 5 (<1800 m altitude) to over 30 t ha-1 
(>1800 m altitude) (Bourke and Allen 2009; Floyd et al. 1987; Thurston et al. 1994). In each 
mound, an average of 27 kg of plant residues is added in EP, and includes fresh weeds, sweetpotato 
vines, and other plant materials collected from gardens (Wohlt 1978). In swampy areas and flooded 
plains, application rates exceed 30 kg per mound in order to raise the height of mounds, drain out 
excess water, and lift the rooting zone of the sweetpotato above the water table (Taraken and 
Ratsch 2009). 
 
Large mounds can be established in both new and old gardens (Figure 2.3). New garden refers to 
land that has just come out of its original or secondary bush fallow, while old garden refers to land 
that has been cultivated for many years since it came out of its original bush fallow (Taraken and 
Ratsch 2009). In a new garden, vegetation is slashed and left to dry out, and then gathered into 
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round-shaped heaps. The bare soil between the heaps is used to cover the residues, producing large 
mounds. In an old garden, there are two main techniques used for mound construction. When using 
the first technique, the mounds are demolished after crop harvest into a crater-type shape, and the 
land is left to fallow for approximately 1 to 2 months (Taraken and Ratsch 2009). Plants in the 
garden are then slashed, and may or may not be left to dry out (Sillitoe 1998). Plants are then 
heaped into the craters of demolished mounds. When the land is prepared for planting, more plant 
residues can be added to the craters before the soil around the central crater is used to cover the 
residues to form new mounds (Bourke and Allen, 2009). This technique is usually used for 
constructing the large mounds in most of EP (Bourke 2005a). When using the second technique, 
slashed plant residues are placed on the soil surface between the old mounds from earlier plantings. 
The soil from one-third of the three nearest mounds, or one-quarter of the four nearest mounds, is 
then pulled onto the plant residues to form the new mounds (Bourke 2005a; Taraken and Ratsch 
2009). This technique is common in the Kandep area of EP, and some parts of SHP, including the 
Tari Basin (Bourke 2005a). The thickness of soil covering the plant residues is between 40 and 80 
cm (Taraken and Ratsch 2009).  
 
 
 
Figure 2.3 Large mound culture in the Western highlands province. Reproduced from Kirchhof 
(pers comm, 2015) 
 
2.3.2.2 Mound agronomy  
 
After mound construction, sweetpotato vine cuttings collected from the previous crop are 
immediately planted (Figure 2.4) (Taraken and Ratsch 2009). There are two to three vines planted 
per planting point, a so-called station, and up to 20 stations are made on a large mound (Lebot 
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2009; Taraken and Ratsch 2009). Different sweetpotato cultivars can sometimes be planted on the 
same mound, but only one cultivar is employed per station (Taraken and Ratsch 2009). The number 
of plants ranges from 15,000 to 172,000 plants ha-1, with an average of between 43,000 and 76,000 
plants ha-1 (Bourke 2005a). Sweetpotato is sometimes intercropped with other food crops, 
including legumes such as common beans and peas, cucurbits, leafy vegetables, maize, and potato 
in fertile situations. Gardens are usually weeded during establishment, the vegetative, and the 
bulking stages of the sweetpotato growing period (Taraken and Ratsch 2009). 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Mound cultivation. Reproduced from Taraken and Ratsch (2009) 
 
2.3.2 Mound dynamics 
 
The decomposition of the residues (see section 2.4) added to the large mounds has a significant 
effect on sweetpotato growth and yield production. Residue decomposition releases nutrients for 
plants to absorb (Bourke 2005a; Taraken and Ratsch 2009). This thesis primarily focuses on the 
effect of N release from decomposing plant residues on sweetpotato growth and yield, as available 
N is the main nutrient limiting sweetpotato grown on the large mounds in the PNG highlands. 
Studies examining the application of plant residues at rates of 0, 20, 40, 60, 80, and 100 t fresh 
plant material ha-1 to large mounds have observed a significant linear relationship between the 
marketable yields of storage roots and the rate of plant residue applied, with one experiment also 
showing a quadratic relationship (Floyd et al. 1988; Radcliffe 1983). From chemical analysis of 
the plant residues used in one of these studies, it was estimated that 100 t fresh plant material ha-1 
contained 251 kg N (Floyd et al. 1988). However, the rate of decomposition of the added residues 
and subsequent release of N was not measured. Previous observation of decomposition in large 
mounds has suggested that the identifiable remains of plant residues disappear within 3 months 
(Leng 1982a). However, while the disappearance of the residues indicates decomposition, it does 
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not necessarily mean that all the nutrients contained within the plant residues are released in a 
plant available form.  
 
Another point to consider in this research is the elevation of temperature in the mounds that occurs 
due to residue decomposition (Sillitoe 1998). Previous studies have suggested that soil temperature 
increases in soil mounds by about 1.5°C at 20 cm depth (Waddell 1972), and by up to 6°C between 
10 cm and 15 cm depth within the first few weeks after planting (Sterly 1977). It is believed that 
this increase in temperature may have beneficial effects on storage root production in sweetpotato 
(Taraken and Ratsch 2009). However, there is no direct evidence of whether storage root formation 
is enhanced or hindered by the elevation of temperature observed in the PNG soil mounds. 
Although extensive research has been conducted into the effects of RZT on general plant root 
growth, relatively few studies have examined the response of sweetpotato root systems, and 
storage root formation in particular, to changes in RZT. Further study into how the growth and 
development of sweetpotato roots is affected by changes in RZT is thus necessary to gain a greater 
understanding of sweetpotato production under the mound culture in the PNG highlands. 
 
2.3.3 Sweetpotato yield  
 
The sweetpotato yields recorded from large mounds in the highlands range from 5 to 60 t ha-1  
(Hughes et al. 2009; Kirchhof et al. 2009), and average of 16.2 t ha-1 (Taraken and Ratsch 2009). 
Sweetpotato yields recorded from small mounds (i.e. those without plant residues) are generally 
lower, averaging 10.8 t ha-1  (Taraken and Ratsch 2009). The difference in yield observed between 
these two systems is generally attributed to superior soil fertility in the large mounds due to the 
addition of plant residues (Bailey 2009; Kirchhof et al. 2009; Sillitoe 1998). This is supported by 
experimental trials conducted in the PNG highlands that have reported that increasing the rate of 
plant residue addition to mounds increases storage root yield, although responses have varied 
considerably from place to place (Floyd et al. 1988; Radcliffe 1983). For example, a trial 
conducted on the Komia and Kugu soil series, Tari basin, Hela province found that sweetpotato 
yield increased more than two times with increases in the plant residue application rate from 0 to 
100 t ha-1 (Floyd et al. 1988b), indicating that soil fertility at this location was low and limiting 
storage root yield.  
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2.4 Decomposition and N mineralisation 
 
The decomposition of plant residues in large mounds can improve soil fertility due to the 
mineralisation of soil nutrients. However, the rate of nutrient release depends largely on 
environmental factors and the nutrient compositions of the residues. This section considers firstly 
the fundamental process of decomposition and the factors that influence this process, and then 
reviews the effect of temperature on decomposition and nutrient release.  
 
2.4.1 Decomposition of plant residues  
 
Decomposition generally refers to the physical breakdown of plant residues due to leaching and 
the enzymatic activities of microorganisms (Berg and McClaugherty 2008), and is measured by 
mass loss (Prescott 2005). During decomposition, nutrients in residues are released into the soil 
and made available to plant and soil microorganisms (Waring and Schlesinger 1985). 
Decomposition can be divided into two main phases; early decomposition and late decomposition 
where plant residues are close to becoming stable humus (Melillo et al. 1989). 
 
In the early phase of decomposition, there is a substantial mass loss from plant residues. Some 
water-soluble sugars, soluble phenols, simple proteins and inorganic elements are rapidly lost from 
the residues through leaching (Ibrahima et al. 2008). These leached materials may be sequestered 
by humus and clay particles, or assimilated by microorganisms. Larger macromolecules, including 
hemicellulose, cellulose and lignin are degraded more slowly (Berg and McClaugherty 2008). For 
example, in Scots pine (Pinus sylvestris L.) needle litter, the rate of lignin degradation was about 
0.04% day−1, which was less than half that of the initial rate of carbohydrate degradation (Berg et 
al. 1982). As decomposition of plant residues proceeds, microorganisms break down complex 
components into simpler components. These simpler components are linked with complex 
compounds that contained N and go through several transformation processes until becoming 
humic substances (Berg and McClaugherty 2008; Ibrahima et al. 2008; Prescott 2005). Once plant 
residues reach late phase decomposition, they are considered to be humus, and are distinguished 
by a stabilized content and slow decomposition of all components (Prescott 2005).  
 
2.4.2 Nitrogen mineralisation 
 
The importance of nutrient mineralisation during decomposition for improving soil fertility has 
long been accepted (Swift et al. 1979). The pattern of nutrient release from decomposing residues 
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differs between the nutrient elements (Prescott 2005). Nutrients such as Ca, Mg and K are rapidly 
released, while others, such as N and P, are usually retained in the plant residues during the initial 
stages of decomposition (Swift et al. 1979). The release of N from decomposing residues is a 
crucial process regulating the efficiency of decomposition, and therefore plays a key role in crop 
growth and yield (Cayuela et al. 2009). As N often has low availability in soils relative to plant 
requirements, it will be the primary focus in this review.  
 
There are two processes affecting N cycling during decomposition; N mineralisation and N 
immobilisation. Nitrogen mineralisation is the conversion of organic N into ammonium (NH4
+), 
while N immobilisation is the conversion of NH4
+ into organic N (Alexander 1977). Both 
processes may occur simultaneously in soil, and are common during the early phases of 
decomposition (Cabrera et al. 2005; Mary et al. 1996). This is because microorganisms not only 
breakdown organic N but they can also temporarily assimilate ammonium into their cellular 
processes. Depending on the balance between these competing processes, there may be either an 
increase in soil inorganic N (net N mineralisation) or a decrease in soil inorganic N (net N 
immobilisation) (Deenik 2006). Generally, the carbon to nitrogen (C/N) ratio of plant residues 
regulates the amount of N released, and the break-even point between N mineralisation and N 
immobilisation can be roughly predicted by this ratio (discussed more detail in section 2.4.3). 
Monitoring the variations of inorganic N with time allows quantification of net N immobilisation 
and mineralisation. For example, in a forest study by Stottlemyer and Toczydlowski (1999), it was 
found that gross N mineralisation rates were 23 times higher than net N mineralisation. This 
indicates that a substantial portion of the mineralized nutrients may be immobilized by 
microorganisms, and the rates of net mineralisation are often much lower than rates of gross 
mineralisation (Prescott 2005). However, nutrients immobilised by microorganisms are later re-
mineralised when these microorganisms die and are decomposed (Cabrera et al. 2005). 
Understanding the role of these processes when plant residues are added to soil is crucial to 
understanding N cycling in mound cultures. 
 
Limited research has been carried out to investigate the decomposition of plant residues under 
large mound culture in the PNG highlands.  However, some key factors that drive decomposition 
would also apply to mound culture in the PNG Highlands.  Decomposition can be expected to 
occur more slowly as the C/N ratio of plant materials used for mound construction increases. For 
example, using sweetpotato vines as the incorporated biomass, Leng (1982a) reported that 
identifiable remains of plant residues disappeared three months after of decomposition 
commenced. However this work was done in the PNG lowlands with warmer climates, thus in 
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cooler climates of the highlands it may take longer for organic matter in the mound to decompose 
completely. It is important to note that sweetpotato vines can be expected to have a relatively low 
C/N ratio and hence would decompose quite quickly compared to using, for example pit-pit (wild 
sugar cane) as biomass. In addition, high C/N ratios of plant materials can also immobilise N 
during decomposition. The close relationship between the C/N ratio and the release of nitrogen 
from organic material means that as the C/N ratio increases, N release decreases and could even 
immobilise N. This can lead to low N availability for plant uptake, particularly at the beginning of 
the decomposition process. At the same time heat release from high C/N biomass can also be 
expected to be less than that from low C/N biomass, though a small increase in RZT may be longer 
lasting under slow decomposition rates. A compounding factor for decomposition of low C/N 
biomass could be rapid leaching of N.  This can be expected to be higher under high rainfall 
regimes in the PNG highlands.  
 
2.4.3 Factors affecting rates of decomposition and mineralisation 
 
The decomposition of plant residues and the subsequent release of inorganic N from organic 
compounds occurs due to the activity of soil microorganisms (Deenik 2006). The time needed to 
complete both these processes may range from days to years, depending on two main factors: the 
environmental conditions in the soil, and the quality of plant residues (Prescott 2005). 
 
2.4.3.1 Environmental conditions  
 
Soil temperature and water content have a profound influence on decomposition and N 
mineralisation processes (Prescott 2005). On a global scale, Zhang et al. (2008) reported that 
overall, mean annual temperature was more important for litter decomposition than mean annual 
precipitation. Although microorganisms can live and survive over a wide range of temperatures, 
from 0 to 45˚C (Paul 2006), maximum N mineralisation generally occurs between 30 to 35˚C. This 
is a relatively narrow temperature window for maximum mineralisation while the range of soil 
water content as influenced by rainfall, where mineralisation can occur is much wider and 
dependent on soil type. It is also important to note that mineralisation is driven by water potential 
and not water content, which was not assessed in the study published by Zhang et al. (2008). 
However, most studies have investigated temperature effects on mineralsation due to the inherant 
problem of assessing both soil water content and potential.  For example, several studies reported 
that moderate soil warming results in increased decomposition rates.  This was assessed using soil 
respiration as an indicator where a more rapid mass loss of plant residue is due to greater carbon 
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dioxide (CO2) emissions, and greater nutrient availability (Prescott 2005). Nitrogen mineralisation 
is also positively affected by temperature. For example, N mineralisation of clover (Trifolium 
repens L.) residues after 4 months of incubation increased rapidly from 22%, to 33%, 41% and 
60% as the temperature increased from  2, 5, 10 to 15˚C respectively (Cookson et al. 2002). At the 
same time it is important to note that water content can become the dominant factor influencing 
decomposition in some regions, particularly in desert or semi-arid regions where water is the main 
limiting factor (Couteaux et al. 1995). Over and above temperature and water content,  absence or 
presence of decomposer communities is critical for the decomposition process to commence.  For 
example, Liu et al. (2 0 0 6) reported that decomposition of biomass in the early stages is affected 
by water content which impacts nutrient release through its effects on the activities of the 
decomposer communities.  Rainfall can also affect decomposition if excess rainfall results in 
leaching following the breakdown of surface plant residues (Swift et al. 1 9 7 9 ).  In general, plant 
biomass decomposes best if its water content is between 25 and 80%. Within this range, 
decomposition rates increase with increasing water content if temperature is not limiting (Haynes 
1986). However, it is often difficult to separate the effects of temperature on decomposition from 
soil water (Prescott 2005). For example, while the activity of microorganisms will increase with 
rising soil temperature, it can be limited as the soil dries more rapidly at higher temperatures 
(Schouten et al. 1998). Using soil water potential rather than soil water content Quemada et al. 
(1997) observed a linear increase in total CO2 efflux as the soil water potential increased from -5.0 
to -0.003 MPa, and temperature increased from 10 to 35˚C. Their observation clearly demonstrated 
that soil water relationships as well as temperature are key driving factors for decomposition.  
 
2.4.3.2 Composition of plant residues  
 
Plant residues often have different chemical compositions and thus decompose at different rates 
(Cayuela et al. 2009). Among the organic compounds, soluble and low-molecular-weight 
compounds like sugars and starches are easily and rapidly leached and dominate in initial 
decomposition (Ibrahima et al. 2008). Later, decomposition of hemicellulose, cellulose and lignin 
is dominant (Berg and McClaugherty 2008). As lignin is well mixed with cellulose and 
hemicellulose, this group of compounds decompose dependently (Cooke and Whipps 1993). 
Although individual compound may dominate a particular stage of decomposition, decomposition 
of any or all the compounds may occur to some extent throughout the entire decomposition 
process. When different plant parts are considered, fruit and vegetable material is generally 
degraded easily because it contains mostly simple carbohydrates, while leaves and stems 
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decompose more slowly because they have high concentration of cellulose, hemicellulose and 
lignin (Chen et al. 2011). 
 
2.4.3.3 Carbon and nitrogen ratio of plant residues 
 
During decomposition, microorganisms break down plant residues to obtain energy and acquire 
nutrients (Janssen 1996). Of the many elements, C and N are generally the most important for 
microorganisms (Chen et al. 2011). For the assimilation of C, N also has to be assimilated in an 
amount determined by the C/N ratio of the microorganisms, which averages 8:1 (Cabrera et al. 
2005). Part of the C in decomposing residues is released as CO2 and part is assimilated by the 
microorganism (Gilmour et al. 2003). Similarly, part of N in the plant residues is used in microbial 
tissues, and part may be released as inorganic N (Janssen 1996). Therefore, the ratio of C/N of 
plant residues applied to soils is important for both nutrient cycling and the growth of the microbial 
biomass (Prescott 2005).  
 
The amounts of C and N in plant residues and microorganisms are important factors governing net 
N mineralisation and net N immobilisation. The critical C/N ratio for the decomposition of 
agricultural plant residues is commonly considered to be between 25:1 to 30:1 (Chen et al. 2011). 
This range shows the break-even point between N mineralisation and N immobilisation and gives 
a rough indication of whether net mineralisation or net immobilization of N will predominate 
during the initial stage of decomposition (Cambardella et al. 2003). Net N mineralisation takes 
place with lower C/N ratios, while N immobilization takes place with higher C/N ratios (Paul and 
Clark 1989). It should also be noted that plant residues with similar C/N ratio may still release 
different amounts of N depending on their chemical composition (Cabrera et al. 2005; Rowell et 
al. 2001; Seneviratne 2000). 
 
2.4.4 Heat generation during decomposition of plant residues 
 
Decomposition under managed aerobic conditions, whereby plant residues are piled together under 
conditions conductive to decomposition (known as composting), generates energy in the form of 
heat (Mathur 1998). Typically, when a sufficient mass of plant residues is stored in moist, well-
aerated conditions, the plant residues go through four stages of decomposition with respect to heat 
generation – the mesophilic stage, the thermophilic stage, the cooling stage, and the maturation 
stage. In the initial mesophilic stage, temperature in the compost piles increases from ambient 
levels to over 40˚C, because of the increasing activity of mesophilic organisms breaking down 
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readily available food sources, which lasts for a couple of days (Cooperband 2002). In the second 
thermophilic stage, the temperature increases further to be between 55 to 70˚C.  This occurs during 
the first few days, and temperatures can remain at this level for between several days and several 
weeks (Mathur 1998). This is followed by the cooling stage, where soil temperatures fall back to 
ambient levels as the activity of thermophilic organisms declines due to the exhaustion of 
substrates (Insam et al. 2010). During this stage there is an increase in the number of organisms 
that degrade starch or cellulose. In the last stage, the maturation stage, compounds that are not 
further degradable, such as lignin-humus complexes, are formed and become dominant (Mathur 
1998). As the decomposition of plant residues under managed conditions depends largely on the 
growth and metabolism of microorganisms, maintaining conditions suitable for microbial activity 
is important for optimum decomposition (Epstein, 1997).  
 
The rate at which residues are decomposing can be predicted by measuring the amount of heat 
generated, which is expressed in units of energy per mass such as J g-1 (Finstein et al. 1986). When 
organic substrates are oxidised completely, it leads to the generation of large amounts of heat 
(Vinnerås et al. 2010). For example, the heat released from the combustion of proteins, 
carbohydrates and lipids can range from 9 to 40 kJ g-l, with lipids showing two times greater heat 
production per unit weight than either proteins or carbohydrates (Mathur 1998). The heat generated 
during the complete oxidation of fatty acid and glucose molecules is shown in equations 2.1 and 
2.2, respectively. 
 
C16H32O2 + 23O2 ------  16CO2 + 16H2O  ∆H = - 39.2 MJ kg-1  [e.q. 2.1] 
 
C6H12O6   + 6O2  ------  6CO2 + 6H2O   ∆H = - 15:7 MJ kg-1  [e.q. 2.2] 
 
However, the actual heat released during these reactions is not as much as that shown in the above 
equations, because some of the heat produced is used by the microbial population (Vinnerås et al. 
2010). It has been reported that the actual heat produced during the high temperature phase of 
decomposition of domestic waste is about 653 to 1806 kJ kg-1 (Klejment and Rosiński 2008), 
around 17.6 MJ kg-1 for wheat straw (Staniforth 1979) and 12.8 MJ kg-1 for poultry manure (Sobel 
and Muck 1983). It should be noted that during decomposition under managed conditions, organic 
compounds may only be partially oxidised, reducing the amount of heat produced (Kaiser 1996). 
It is documented that a minimum height of 1 to 5 m and width of 2 to 5 m is needed to retain 
enough heat to promote the desirable thermophilic activity, while the height of 1 m is sufficient 
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for maintaining this activity when the medium is peat and mixture of peat with fibre-containing 
manure (Mathur 1998).  
 
The increase in temperature during decomposition is an important and easy parameter to measure 
for the assessment of the rate and extent of decomposition of plant residues. However, temperature 
is not uniform in the plant residue pile. The manner in which biomass is packed inside the pile will 
lead to spatial variability of heat transfer coefficients, water content,  chemical processes within 
the pile, and biological parameters driving the breakdown of plant residues. Even though there are 
non-uniformities within the biomass pile itself, it can be expected that the pile will be the warmest 
part of the mound and temperature will diffuse outwards.  How far and in what direction it diffuses 
into the soil surrounding the pile will depend on the heat capacity and diffusion coefficient of the 
soil.  This in turn will be affected by soil water contents of potential, mineralogy and soil organic 
matter contents as well as the mound-atmosphere characteristics (e.g. presence/absence of mulch, 
soil colour, direction and angle towards the sun and weather conditions).  In short, a myriad of 
factors will drive the temperature dynamics within and in close vicinity of the mound.  However, 
biomass type per se, such as C/N content and amount of biomass will remain a key factor providing 
heat inside the mound.  Whilst not ignoring the other factors responsible for transfer, this study 
will start with and hence emphasize temperature and how it influences storage root formation. 
 
2.5 Nitrogen in plant nutrition 
 
Nitrogen is required in relatively large amounts for plant growth (Amtmann and Armengaud 
2009). The concentration of N in plant tissues varies depending on plant species and plant variety, 
but generally ranges between 1 and 5% N by weight (Novoa and Loomis 1981). Plants use N as 
an integral constituent of proteins, nucleic acids (DNA, RNA), chlorophyll, co-enzymes, 
phytohormones, and secondary metabolites (Barker and Bryson 2006; Novoa and Loomis 1981). 
It is generally recognized that crop production is most often limited by N supply (Havlin et al. 
2005). In addition, imbalances in the demand for, and supply of, N can lead to both sub-optimal 
yield (when N supply is limited) and/or environmental damage (when N is present in concentration 
greater than required and moves out of the soil profile) (Miller et al. 2007a). The use of N by plants 
involves several processes, including uptake, assimilation and remobilization when the plant is 
ageing (Masclaux-Daubresse et al. 2008).  
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2.5.1 Nitrogen in soils 
 
The cycling of N in soil ecosystems occurs as N moves between organic and inorganic forms 
(Figure 2.5) (Havlin et al. 2005; Robertson and Vitousek 2009). Soil organic-N is present as 
proteins, amino acids, and other complex N compounds, while inorganic-N is most commonly 
found as nitrate (NO3
-) and NH4
+ (Amtmann and Armengaud 2009). Although inorganic-N forms 
are less than 2% of the total N in surface soils, these are the plant available forms of N, with both 
NO3
- and NH4
+ taken up by plant roots and used to produce proteins and other compounds (Havlin 
et al. 2005). Nitrate is usually the most abundant form of inorganic-N (1 to 5 mM), but it is also 
readily dissolved in soil water and hence mobile in the soil profile. Ammonium concentrations are 
generally much lower (20 to 100 µM) and less variable than NO3
- (Miller et al. 2007b; Owen and 
Jones 2001). The availability of NO3
- to plants is often dependant on rainfall (which influences 
NO3
- leaching), and factors influencing microbial activity such as pH, temperature, and oxygen 
concentrations. Under oxygen-depleted conditions, NO3
- can be converted to N2 and nitrogen 
oxides by denitrifying bacteria, and lost from the soil into the atmosphere (Miller et al. 2007a). 
Some NO3
- may also be lost to ground or surface water during leaching events (Havlin et al. 2005). 
Although NO3
- leaching and denitrification, NH4
+ volatilization and fixation, and N 
immobilization result in losses of mineral-N from the soil solution, plant absorption is usually the 
main N removal pathway (Barker and Bryson 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Pathway of N cycling in agricultural ecosystems. Transformation of N in all ecosystems 
is presented in solid lines, while dashed lines are specific to agricultural ecosystem. Major N fluxes 
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are A, industrial N fertilizer, as inorganic forms; B, organic N supply; C, biological N2 fixation by 
free-living microorganism; D, atmospheric deposition of reactive N in oxidized form; E, 
atmospheric deposition of NH3 and NH4; F, mineralisation of organic N via amino acid 
mobilization by extracellular enzymes; G, mineralisation of organic N via release of NH4 by 
microorganisms ; H, nitrification; I, plant uptake of biologically available N; J, immobilization; 
K, losses of N by crop removal; L, losses of N to streamwater and groundwater; M, denitrification; 
N, NH3 volatilization; O, losses of N2O during nitrification and denitrification; P, losses of reactive 
N during nitrification and denitrification; Q, uptake of N by microorganisms during 
decomposition; R, dissimilatory reduction of NO3 to NH4; S, consumption of plant N by animals; 
T, flux of N to soil in plant litter; and U, flux of N to soil from animal excretion and death. 
Reproduced from Robertson and Vitousek (2009).  
 
2.5.2 Nitrogen deficiency and remobilization 
 
Nitrogen uptake has a major impact on plant growth rates (Gastal and Lemaire 2002). In order to 
achieve efficient growth and development, plants require an adequate, but not excessive, amount 
of N. Therefore, low soil N concentrations, or a decline in root uptake capacity, will negatively 
affect plant productivity and ecological competitiveness (Novoa and Loomis 1981). In N deficient 
plants, growth rates are slow, the entire plant remains small, pale and stunted, and the older leaves 
often fall prematurely (O'Sullivan et al. 1997). Root growth is also affected, with branching being 
more limited; although, the root:shoot ratio is usually increased. Nitrogen deficiency causes the 
collapse of chloroplasts, and also adversely impacts their development, resulting in chlorosis and 
thus necrosis of leaves at a late or severe stage in the deficiency (Mengel et al. 2001).  
 
Where plant N supply is insufficient for the growth of new tissues, the remobilisation of N from 
old tissues into newer ones occurs (Masclaux-Daubresse et al. 2008). The contribution of leaf N 
remobilization is cultivar dependent, varying from 50 to 90% (Masclaux et al. 2001). Leaf proteins, 
particularly photosynthetic proteins, are broadly degraded during senescence, offering a good 
source of N for new tissue growth (Masclaux-Daubresse et al. 2010). In an early phase of 
senescence, chloroplasts will display the first symptoms of deterioration, while other organelles 
are degraded late (Hörtensteiner and Feller 2002). Degradation of chloroplast proteins is indicated 
by the fact that chloroplasts contain high amounts of proteases, and some of these are upregulated 
during senescence. It has been reported that Rubisco is a main source of N remobilisation  
(Masclaux-Daubresse et al. 2008). However, the mechanisms responsible for the degradation of 
chloroplast and Rubisco are largely unknown (Masclaux-Daubresse et al. 2010).  
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2.5.3 Critical N concentration 
 
With sufficient supply of N, the variation of N accumulation in plant parts is minimal and plant N 
content is related to plant biomass rather than time (Greenwood 2001). Under these conditions, 
plant N uptake is largely determined by plant growth rate, although the relationship between the 
two is non-linear (Plénet and Lemaire 1999). Generally, most plant N is used in the photosynthetic 
apparatus, with a comparatively small fraction found in structural and storage tissues.  The 
exception to this is for some root crops, including sweetpotato, which have luxury consumption of 
N (Greenwood 2001). As plants grow bigger, the structural and storage tissues make up an 
increasing portion of the plant’s total dry biomass, causing the N concentration of the whole plant 
to decline. Thus, there is a suggestion that the critical N concentration, i.e. the minimum N 
concentration needed to achieve maximum crop growth rates, might decline with increasing plant 
biomass. Critical N concentration has been related to crop biomass through the allometric 
relationship (Greenwood 2001): 
 
𝑁𝑐𝑟𝑖𝑡 = 𝑎𝑊1−𝑏   [e.q. 2.3] 
 
Where Ncrit is the percentage of N in plant mass, W is plant dry biomass and a and b are plant 
dependent coefficients. In many situations, critical N concentration is used to determine whether 
plant N nutrition is excessive or deficient with respect to the crop growth rate (Greenwood et al. 
1986; Lemaire and Gastal 1997).  
 
2.5.4 Nitrogen fertiliser application 
 
During the last 50 years, the application of inorganic fertiliser has increased almost exponentially, 
ranging from almost nil in 1940 to 100 Tg in 2008 (Lea and Morot-Gaudry 2001; Robertson and 
Vitousek 2009). Such changes have dramatically increased the amount of N moving through agro-
ecosystems. This presents a challenge for land managers, who need to both improve crop 
productivity to meet demands for increased food production, while simultaneously ensuring that 
excess N is not lost from agricultural soils, potentially leading to environmental degradation 
(Robertson and Vitousek 2009). The application of N fertiliser to soil may not occur with 
maximum efficiency in some situations. For example, in Australia, studies using 15N fertiliser to 
examine sugarcane production found that maximum recoveries in the crop were 54% of the N 
applied (Prasertsak et al. 2002). The N that was not recovered is presumed to have been lost by a 
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range of processes such as leaching, denitrification, volatilisation and erosion or runoff (Fageria 
and Baligar 2005). Losses of N such as these affect not only crop production and profitability, but 
also can have negative environmental impacts (Robertson and Vitousek 2009). Hence, enhancing 
N use efficiency (NUE) (the maximum economic yield produced per unit of N applied, absorbed, 
or utilised by plant) is desirable to both improve crop yields and prevent environmental 
degradation (Fageria and Baligar 2005).  
 
To improve N use efficiency, N management strategies are required that consider both soil and 
plant management practises (Fageria and Baligar 2005). Ensuring that N fertiliser application is 
synchronised with crop demand is crucial to ensure adequate supply of N, and hence optimum 
yield. Soil tests prior to fertiliser application can often improve yield-goal N recommendations 
(Robertson and Vitousek 2009). For example, to achieve a maize yield of 10 t ha-1, where the 
maize is grown under irrigated conditions on a northern US loamy sand, requires 240 kg N ha-1. 
The mineralisation rate of this soil is 100 kg N ha-1 per growing season; hence, the crop will require 
fertiliser at a rate of approximately 196 kg N ha-1 (assuming that 30% of that added is lost) (Oberle 
and Keeney 1990). However, in the absence of a crop response to added N, residual N or the N 
released during mineralisation is probably sufficient to meet crop requirements (Robertson and 
Vitousek 2009). 
 
2.5.5 Nitrogen nutrition in sweetpotato production 
 
2.5.5.1 Growth responses to N fertiliser management 
 
a) Aboveground growth 
 
Nitrogen application strongly affects the dry-biomass accumulation of sweetpotato. Several 
studies have shown that N assimilation regulates shoot growth, leaf area expansion, and 
photosynthetic activity, which is a necessary function to provide photoassimilates for the growth 
of storage roots (Kays 1985; Villagarcia et al. 1998). Nitrogen deficiency is difficult to identify in 
the field, as only small changes in leaf appearance occur. Generally, N limitation suppresses the 
development of lateral shoots, produces small and pale green leaves, and young leaves may contain 
anthocyanin along the leaf veins (O'Sullivan et al. 1993). Increasing N availability increases the 
dry-biomass of leaves, leaf area index, and leaf area duration (Bourke 1985). Optimum leaf area 
development is reported to be related to maximum storage root yield production (Haynes et al. 
1967). However, when N supply is excessive, plants tend to produce leaves at a greater than 
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optimum level, causing mutual leaf shading. Under field production, leaf shading occurs within 
and between the canopies. As the sweetpotato produces its canopy, the petioles of new leaves 
become progressively longer and then place new leaves above the older leaves, causing mutual 
shading of the older leaves (Ravi and Indira 1999). This may reduce leaf area duration and the leaf 
efficiency of photosynthesis, which can then reduce storage root production (Kays 1985). 
However, individual leaf net photosynthesis is not correlated with the storage root yield, as it is 
too variable to precisely reflect the performance of all leaves in the canopy (Bhagsari and Ashley 
1990).  
 
b) Lateral root growth  
 
Nitrogen application has a significant impact on the proliferation of lateral roots (Lynch 1995; 
Villordon et al. 2013). For example, in one study, increases in N application rates from 0 to 50 kg 
ha−1 increased total first-lateral root length and number by 78% and 32% respectively, and 
increased second-lateral root length and number by 2873% and 1465% respectively (Villordon et 
al. 2013). The placement of N was also found to have a significant effect, with plants grown in 
substrate where nitrogen was well mixed having much greater first and second lateral root length, 
number and density compared to those grown in substrate where the N was applied in a 
concentrated band (Villordon et al. 2013). The ability of sweetpotato to proliferate lateral roots 
may create opportunities to develop fertiliser application techniques that encourage the production 
of lateral roots, and thus optimize N use efficiency in the sweetpotato production system. Recently, 
it has also been reported that lateral root development is associated with the development of 
adventitious roots into storage roots (Villordon et al. 2012). Greater understanding of this 
association may also increase understanding of how the sweetpotato plant modulates storage root 
initiation, and how differential root carbon sinks are determined within the root system. This, 
combined with understanding of other factors that are known to affect storage root yields, is likely 
to allow a more systematic approach to determining and managing the yield constraints of 
sweetpotato production. 
 
c) Storage root yield 
 
The use of N fertiliser can significantly increase sweetpotato yield, although responses to added 
nitrogen can be variable, and yield increases are not observed in all cases (Figure 2.6). The 
response observed to N fertiliser depends largely on edaphic conditions, particularly the soil N 
availability during the growing period, and plant species (Mengel et al. 2001). Numerous studies 
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have investigated the highly variable response of sweetpotato yields to N application (Figure 2.6), 
with amount of N fertiliser required to produce maximum yields observed to range between 0 and 
240 kg ha-1 (Guertal and Kemble 1997; Hartemink et al. 2000a; Phillips et al. 2005; Schultheis et 
al. 2007; Sebastiani et al. 2006; Villagarcia 1996). Studies from Virginia, USA suggested that 
Beauregard sweetpotato requires relatively small amounts of N fertiliser to produce optimum 
growth and yield compared to the fertiliser rate commonly recommended in Virginia (Phillips et 
al. 2005). This implies that Beauregard sweetpotato may either have high acquisition capacity for 
N, and/or that it uses N efficiently to maintain photosynthetic activity and partition photoassimilate 
to storage roots. Phillips et al. (2005) proposed that the standard recommendation for N application 
of 84 kg ha-1 could be reduced to 28 to 56 kg ha-1 and still maintain optimum marketable yield. 
However, this suggestion was based on sweetpotato grown on a Bojac sandy loam (mixed, thermic 
Typic Hapludult), and the initial soil fertility of the site was not reported. 
  
Lack of sweetpotato yield responses to N application have also been reported in several other 
studies. Guertal and Kemble (1997) found no yield differences with N application rates of 0, 36, 
72 and 108 kg ha-1 to Beauregard grown on a Hartsells fine sandy loam soil where initial soil tests 
indicated a high supply of nutrients. Similarly, Villagarcia (1996) reported that N fertilizer rates 
of 0, 60 and 120 kg ha-1 did not result in significant difference in sweetpotato yield grown in a 
Typic torrifluvent in Lima, Peru. The lack of response to N fertiliser can possibly be explained by 
high levels of residual soil N, which were able to supply sweetpotato with enough N for maximum 
growth and yield. 
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Figure 2.6 Sweetpotato storage root yields under various rates of N fertiliser application. Data are 
obtained from the peer-reviewed publications (Ankumah et al. 2003; Bourke 1985; Foloni et al. 
2013; Guertal and Kemble 1997; Hartemink 2003; Hartemink et al. 2000a; Hartemink et al. 2000b; 
Hill et al. 1990; Kaupa and Rao 2014; Laurie et al. 2012; Marti and Mills 2002; Monday et al. 
2013; Nedunchezhiyan and Reddy 2002; Okpara et al. 2009; Pereira Leonardo et al. 2014; Phillips 
et al. 2005; Sebastiani et al. 2006; Ukom et al. 2009; Villagarcia 1996) 
 
There is a general agreement that excessive N rates reduce storage root yield of sweetpotato 
(Hartemink et al. 2000a; Togari 1950). For example, studies have observed that the rooted leaves 
of sweetpotato grown with N applied at a rate of 210 mg kg-1 produced nearly 6 times fewer storage 
roots than sweetpotato where N was applied at a rate of 21 mg kg-1 (Wilson 1973). Similarly, 
application of N fertiliser at rates over 100 kg N ha-1 have been observed to significantly reduce 
the yield of sweetpotato grown under field conditions, with yield reductions of up to 70% observed 
at 400 kg N ha-1 (Hartemink et al. 2000a). The cause of the negative effect of N fertiliser on storage 
root yield is currently unclear, although several explanations have been proposed.  Excess N 
application has been reported to suppress the development of cambia stele and increase the 
lignification of the stele, hence favouring the production of non-storage roots (Togari 1950). Other 
studies have also suggested excessive N promotes aboveground growth, which acts as a 
competitive sink for photoassimilates, resulting in low yields (Kays 1985). The high availability 
of N may also increase the N concentration of storage roots, resulting in greater protein contents 
(Greenwood et al. 1980).  More photoassimilate is required to synthesize a unit of protein than a 
unit of carbohydrate, resulting in lower net biomass accumulation in the storage roots (De Vries 
1975; Greenwood et al. 1980). 
 
 31 
 
2.5.5.2 Growth and yield responses in organically managed system 
 
Although yield is only part of the ecological, social, and economic benefits provided by 
agricultural systems, it is recognized that high yield is the key to sustainable food security on an 
area basis (Seufert et al. 2012). Because N is a major plant nutrient required for the growth and 
yield of most agricultural crops, matching soil inorganic N supply with crop N requirement is 
important for successful crop production (Pang and Letey 2000). In developed countries, N is 
usually supplied to plants as chemical fertilizer; however, in much of the developing world this is 
not possible because of the high cost of fertiliser and the limited facilities available to most farmers 
(Barlow and Lipset 1997). As a result, many crops in the developing world receive no fertiliser 
inputs, and the national average yield of major crops falls below their demonstrated production 
potential. Where the addition of chemical fertilisers is not a viable option, the use of organically 
managed systems (such as large mound cultures) that use organic sources such as compost, cover 
crops, or animal manures as a source of nutrients may become important. 
 
The addition of plant residues as a source of nutrients has been employed in plant production 
throughout agricultural history.  However, since the mid-20th century the use of this technique has 
declined due to the widespread availability of mineral fertilisers (Wivstad et al. 2005). A reduction 
in the use of organic systems in favour of mineral fertilisers can lead to a decline in soil organic 
matter (SOM) (Johnston et al. 2009; Luo et al. 2010), and increasingly the use of organic 
management is being promoted as an environmentally friendly and sustainable cropping technique. 
It has been suggested that conversion of mineral fertiliser management to organic management 
causes changes in soil fertility that affect plant growth (Pang and Letey 2000). For example, 
organic management can increase SOM and N mineralisation potential (Drinkwater et al. 1995; 
Monday et al. 2013; Power and Doran 1984). Power and Doran (1984) and Scow et al. (1994) have 
noted that converting an agricultural system from mineral fertiliser to organic management may 
involve an initial transition period before the system stabilises, during which yields may be lower.  
Part of these yield responses can be explained by differences in amount of N input received by the 
two systems. Nitrogen availability has been found to be a major yield-limiting factor in many 
organic systems, with the release of plant-available N from organic sources (i.e. cover crops, 
compost, manure) often not sufficient to sustain the high crop N demand during the growing period 
(Berry et al. 2002; Pang and Letey 2000; Seufert et al. 2012).  
 
Several studies have examined the response of sweetpotato yield to organic amendments. For 
example, Beauregard sweetpotato cultivated using organic management (cover crops and compost 
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addition) has been observed to achieve similar yields to those grown using mineral-N fertiliser 
addition (Monday et al. 2013; Treadwell et al. 2008; Treadwell et al. 2007). However, the yield of 
‘Xushu 18’ sweetpotato grown following a cover crop (crimson clovers; Trifolium incarnatum) 
was higher compared to that grown using conventional management (101 kg N ha-1; no cover 
crop), and the yield of plants grown after the cover crop were not seen to increase further following 
the addition of N fertiliser at rates of 0, 50 and 101 kg N ha-1. These studies indicate that organically 
managed systems, or organically managed systems combined with N fertiliser addition, can supply 
sufficient N to sweetpotato plants to achieve optimum yields. However, the N inputs that occur 
following the addition of organic residues could vary markedly depending on the type and quality 
of the residue added, making yield comparisons between different studies difficult. For example, 
an experiment conducted on a high base status soil (Typic Eutropepts) found that marketable 
sweetpotato yield after piper (Piper aduncum) and imperata (Imperata cylindrical) cover crops 
was about 11 t ha-l, but that yields were significantly lower after gliricidia (Gliricidia sepium) 
cover crop and continuous cropping (Hartemink 2003). This indicates that different types of soil 
amendment can provide different qualities and quantities of organic material, which can affect soil 
nutrient supplies and sweetpotato yield.  
 
2.6 Root zone temperature and plant growth 
 
Root zone temperature (RZT), also called soil temperature, is an important environmental factor 
influencing root growth due to its impact on the initiation and cessation of growth, cell elongation, 
root length, and root branching patterns (Kaspar and Bland 1992). It has been shown to be a major 
determinant of the length of the growing season, particularly in cold ecosystems, due to its effect 
on nutrient availability and uptake by plants (Chapin et al. 1979). Additionally, RZT affects plant 
ion uptake and the functioning of soil microbial communities (Pregitzer and King 2005). The 
following discussion will focus on the effects of RZT on root growth and function due to its 
importance for sweetpotato yield. 
 
2.6.1 The effect of root zone temperature on soil chemical and physical properties 
 
Root zone temperature strongly impacts the capacity of a soil to provide nutrients for plant growth.  
Soil nutrient concentrations depends largely on the quantity of nutrients in the solid phase, and the 
equilibrium between nutrients in the soil solution and those on the exchange sites of clay particles 
and organic matter (Bassirirad 2000; Pregitzer and King 2005). This is affected by RZT due to its 
impact on soil water, chemical reactions, and nutrient transport (Paul and Clark 1996; Sposito 
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1994). Because chemical reactions and nutrient transport takes place in water, any changes in soil 
moisture brought about by changes in RZT can directly affect plant nutrient uptake (Johnson and 
Thornley 1985). About 99% of nutrients reaching the surface of roots do so via mass flow 
(transpiration) and diffusion, although interception may be significant for immobile nutrients such 
as P (Barber et al. 1989). Increases in RZT can increase the rate of evaporation (and transpiration), 
thus impacting on these processes (Pregitzer and King 2005). A linear function is often used to 
describe the relationship between RZT and the various processes influencing nutrient uptake 
(Johnson and Thornley 1985), including water uptake (Kramer and Boyer 1995) and root 
respiration (Glinski and Lipiec 1990). Under high RZT, the soil processes that affect nutrient 
concentrations in the soil solution also occur at accelerated rates. For example, increase in RZT to 
24°C significantly increased the soil solution concentration of NH4
+ by up to 50 times and PO4
3- 
by up to 4 times, when compared to RZT of 4°C, in the soil of a mixed-age spruce forest (Kelly 
1993). This could be attributed to the greater rates of mineral weathering, organic matter 
decomposition, and nutrient transformations under higher temperatures (Paul and Clark 1996; 
Sposito 1994).  
 
2.6.2 The effect of root zone temperature on general plant root growth and development 
 
Generally, RZT is a key factor regulating the establishment of a crop root system (Kaspar and 
Bland 1992; McMichael and Burke 1998). When the crop experiences above or below optimum 
RZTs, root growth will be inhibited (Figure 2.7-a) (Barlow and Adam 1989). The responses of 
plants to RZT varies between species, and the optimum RZT tends to be lower for root growth 
than for shoot growth (Figure 2.7-b) (Cooper 1973; Lynch et al. 2012). The optimum range of 
RZT to produce a root growth weight greater than 50% of the maximum has been reported for 
many plant species. For example, between 17˚C and 37˚C is required for maize (Zea may L.), 5˚C 
to 31˚C for strawberries (Fragaria sp.) and 9˚C to 32˚C for oats (Avena sativa L.).  
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Figure 2.7 The response of (a) maize dry root biomass at 24 days after germination to root zone 
temperature. Reproduced from Kaspar and Bland (1992); and (b) Root morphology and shoot 
growth of potato seedlings at different root zone temperatures. Reproduced from Sattelmacher et 
al. (1990b). 
 
Although high soil temperature in the soil of tropical regions is amongst the main factors limiting 
cultivation of plants that are widely grown in the tropics (Pardales et al. 1999), little information 
is available on root growth and functioning at supra-optimum temperatures (Liu and Huang 2005). 
Within a given species, considerable genotypic differences in tolerance to supra-optimal RZTs 
may also exist (Sattelmacher et al. 1990a). For example, the total root length of cassava grown 
with a RZT of 40°C was 30% lower than that observed in plants grown at 25°C (Pardales et al. 
1999). While the root length of wheat grown with a RZT of 38°C was 47% lower than in plants 
grown at 22°C,  a considerably greater decline than that observed for cassava (Tahir et al. 2008).   
 
The changes that occur in root growth in response to changes in RZT are generally attributed to 
changes in resource allocation between belowground and aboveground plant parts. As RZT 
increases, so too does photosynthesis in the canopy -  partly due to the increased water uptake that 
occurs to relieve water stress, which increases stomatal conductance (Pregitzer and King 2005). It 
has also been proposed that enhanced root growth may be observed with increasing RZT due to 
the increased production of growth-regulating substances (e.g. cytokinins, gibberellins), or 
because of a change in the proportion of these substances (Arai-Sanoh et al. 2010; Kramer and 
Boyer 1995). However, the importance of these mechanisms remains unclear, and conflicting 
results have been reported for crop species such as rice (Oryza sativa) (Tang et al. 2008) and tepary 
bean (Udomprasert et al. 1995).  
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2.6.3 The effect of root zone temperature on the sweetpotato root system 
 
2.6.3.1 Lateral roots of sweetpotato 
 
Changes in RZT can alter the root length, dry matter, and/or branching of sweetpotato root 
systems. For example, sweetpotato grown with a RZT of 40°C showed a significant reduction in 
the number and total length of adventitious and first-order lateral roots, compared to plants grown 
with a RZT of 25°C (Pardales et al. 1999). However, high RZT also tended to induce the formation 
of the second- and third-order lateral roots, so that an overall 33% increase in the root length of 
the total system was observed at higher temperatures. In Japanese sweetpotato cultivars, maximum 
root growth was observed at 30°C to 35°C, with higher or lower temperatures inhibiting root 
growth (Nakatani 1993). Clearly, changes in RZT can cause architectural changes in root growth, 
which may vary from cultivar to cultivar, and these may subsequently impact on the growth and 
yield of sweetpotato. 
 
2.6.3.2 Storage roots  
 
Root zone temperature has a strong effect on storage root formation and the growth of sweetpotato. 
The optimum RZT for the production of  storage root dry-biomass has been reported to range from 
between 24°C and 26°C; with higher or lower temperatures reducing storage root dry-biomass 
accumulation (Eguchi 2000). This is supported by studies of the rooted leaves of sweetpotato 
grown under a constant elevated RZT of 35°C, which showed a 90% reduction in storage root dry-
biomass compared to those grown with a RZT of 25°C (Spence and Humphries 1972). The 
reduction of storage root formation that is observed at elevated RZTs may occur because few cell 
layers are produced in the primary cambium under elevated temperatures, resulting in accelerated 
lignification of the stele cells (Nakatani 1993). In one study, although the primary vascular 
cambium developed well at a RZT as high as 35°C, the parenchyma cells around the vessels 
developed a marked lignification. This resulted in secondary vascular cambium development being 
inhibited, and thus limited storage root formation (Ueki and Sasaki 1987). These results imply that 
sweetpotato plants find it anatomically difficult to develop storage roots under elevated RZT.  
 
While it is well established that constant elevated RZTs can negatively impact storage root 
formation and growth, relatively few studies have been conducted to examine the effect of short-
term increase in RZT, similar to those experienced by plants grown in large mounds. One study of 
a Japanese sweetpotato cultivar exposed to an elevated RZT of 35°C for 40 days followed by 25°C 
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for 20 days found that these plants produced four times more storage roots than plants grown with 
a constant RZT of 35°C (Ueki and Sasaki 1987). However, the number of storage roots exposed 
to elevated RZT of 35°C for 40 days and 25°C for 20 day was 20% less than plants at constant 
RZT of 25°C for 60 days. However, very few other studies have examined the effect of variable 
RZTs.  This lack of solid experimental data makes the estimation of sweetpotato yield responses 
to the conditions observed in large mounds difficult. 
 
2.7 Summary 
 
This review has highlighted the importance of N and RZT to sweetpotato production. It has also 
been noted that relatively few studies have been conducted to examine the sweetpotato yield of 
plants grown on large mounds. Previous reports of sweetpotato yield grown using this system have 
mostly been obtained from surveys and interviews with farmers and from observations by 
scientists. However, controlled experiments to specifically examine the factors influencing the 
production of sweetpotato on large mounds are yet to be conducted. This lack of studies may be 
causing either an under or overestimation of the benefits of large mounds from a soil fertility 
perspective. Systematic assessment of the key environmental factors known to influence the 
growth of sweetpotato, and particularly storage root formation and growth, is required for better 
understanding of the relationship between large mound culture and storage root yields. Such 
assessments is crucial to increase understanding of large mound production systems, and 
potentially to identify ways to improve crop production and productivity.  
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Chapter 3: Growth and yield response of glasshouse- and field–grown 
sweetpotato to nitrogen supply 
 
Abstract 
 
Nitrogen (N) is an essential element for producing optimum crop yields, but negative responses to 
high N supply are commonly reported in sweetpotato (Ipomoea batatas) production. This study 
assessed contrasting responses of sweetpotato yield as a result of N application rates of 0, 30, 60, 
90, 130, 160 and 230 kg ha-1 in a glasshouse, and rates of 0, 50, 100, 150, 200 and 250 kg ha-1, 
equivalent to 160, 210, 260, 310, 360 and 410 kg ha-1 when soil N supply is included in the field 
trial. The glasshouse-grown sweetpotato produced a maximum number and dry-biomass of storage 
roots, aboveground biomass and leaf area at 130 kg N ha-1, while leaf N concentration peaked at 
90 kg N ha-1. Further increasing N application to 230 kg ha-1 did not result in significant change 
in any of these attributes. In field-grown sweetpotato, leaf and storage root N concentrations 
increased with increasing N supply. Although N supply had no effect on the number of storage 
roots, total yield peaked at 260 kg ha-1. Further increase of N supply reduced the total yield by up 
to 14% of the maximum yield. With increasing N supply, the glasshouse-grown sweetpotato yield 
linearly increased with leaf area; the arrangement of the trial permitting light interception to exceed 
the pot surface area. The yield reduction in field-grown plants was attributed to excess growth of 
aboveground parts, beyond that needed for efficient light capture. Respirational demand of the 
aboveground growth occurred at the expense of storage root yields.  
 
 
Keywords Sweetpotato, Storage roots, Nitrogen supply, Nitrogen mineralisation 
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3.1 Introduction 
 
Sweetpotato is an important root crop feeding people worldwide; it has become a staple food for 
many indigenous people in Central and South America, and for communities living in the 
highlands of Uganda, Rwanda, Burundi, and Papua New Guinea (Bovell‐Benjamin 2007; Lebot 
2009). Sweetpotato can grow under a wide range of environmental conditions, from sea level to 
altitudes as high as 2850 m, making it a popular crop especially in developing countries (Lebot 
2009). However, sweetpotato growers are challenged to produce consistent yields because of wide 
variability in storage root formation and yield among cultivars, and between individual plants of 
the same cultivar (Villordon et al. 2009a).  
  
Nitrogen is a key nutrient for plant growth and yield, influencing various mechanisms including 
cell production, photosynthesis, and amino acid synthesis (Lemaire and Gastal 1997). The use of 
N fertiliser is one of the main factors contributing to increased sweetpotato production. Numerous 
experiments have been conducted to establish the yield response of sweetpotato to N fertilisation 
for systems from subsistence to intensive commercial production, with the rate of N fertiliser 
required to produce maximum yields ranging from no application to 240 kg N ha-1 (Guertal and 
Kemble 1997; Hartemink et al. 2000a; Phillips et al. 2005; Villagarcia 1996). For instance, Phillips 
et al. (2005) reported that in a 3-year study of the Beauregard cultivar, 28 to 56 kg N ha-1 was 
required to achieve maximum marketable yield in Virginia on a Bojac sandy loam soil (0.75% 
organic matter). While Guertal and Kemble (1997) found that sweetpotato showed no response to 
N application rates up to 108 kg ha-1 on a North Alabama Hartsells fine sandy loam soil (initial 
soil testing showed high nutrient availability). The contrasting responses of sweetpotato yield to 
N application rate imply effects of nutrient availability, climatic conditions at the experimental 
site, and cultivar variability in nutrient requirement. 
 
Contrasting responses have been reported for N fertiliser application to sweetpotato, especially 
when N fertiliser is supplied in excess of the optimum rate. Occasionally, the use of N fertiliser 
over the optimum rate resulted in no change in yield production; a yield plateau. However, a 
common effect of excess N application to sweetpotato is suppression of storage root formation 
and/or growth. A 2-year study of the Jewel cultivar on Norfolk loamy sand soil (up to 2% organic 
matter) by Villagarcia (1996) found that in the first year sweetpotato total yield peaked at 60 kg N 
ha-1 (21 t ha-1) and increasing N application to 240 kg ha-1 did not alter yield. However, in the 
second year the total yield peaked at 240 kg N ha-1 (34 t ha-1), but increasing N application to 360 
kg ha-1 reduced the total yield by up to 35% of the maximum yield. The different optimum N 
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fertiliser rates in this study possibly reflect the removal of residual- and soil derived-N by the first 
crop.   
 
An additional factor limiting our understanding of sweetpotato response to N availability is that 
nutrition trials are commonly reported in terms of the fertiliser application rate (Hartemink et al. 
2000a). This approach ignores N present in the soil as mineral N at planting, and N mineralised 
during the crop growth (Vos 2009).  The results of individual trials are influenced by inherent soil 
fertility and the preceding cropping history, preventing comparison across sites. Failure to consider 
soil N results in the true N requirement of the crop being underestimated. In the research reported 
here, the response of sweetpotato storage root formation and yield response to N application was 
evaluated in glasshouse and field trials. The hypothesis evaluated was that high N application rates 
suppressed storage root formation and growth, and consequently reduced yield.  
 
3.2 Materials and Methods 
 
The glasshouse study was conducted during 2013 and 2014 in a controlled temperature glasshouse 
at the University of Queensland, St. Lucia, while the data in the field conditions was previously 
collected during 2004 and 2005 on a commercial grower’s property at Bundaberg region, 
Queensland, Australia (24°50'57.1"S 152°24'13.2"E) (Table 3.1). The soil type on which 
experiment was conducted, Red (Isbell 2016), is representative of the principal soil type utilised 
for the sweetpotato production in Bundaberg region. Pathogen-tested (PT) ‘Beauregard’ 
sweetpotato cuttings were used as planting materials to minimize the impact of pests and diseases. 
The planting material was produced through in vitro thermotherapy and then tested for viruses 
through indicator plants (Ipomoea setosa) and biochemical test (enzyme-linked immunosorbent 
assay; ELISA) at the Gatton Research Facility, Queensland Government, Australia (Dennien et al. 
2013). This cultivar is the most commonly grown cultivar in Australia. Data from a single year 
trial were analysed; my intention being the comparison of yield response in field and glasshouse 
culture, rather than the development of a fertiliser recommendation for field production where an 
understanding of inter-year variability would be needed. 
 
3.2.1 Glasshouse study 
 
Glasshouse temperature was kept at 25°C (±5°C) during the course of the study. The experiment 
was conducted as a randomized complete block design including seven treatments with three 
replicates. The treatments consisted of seven N fertiliser application rates of 0 (control), 30, 60, 
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90, 130, 160, and 230 kg ha-1 using ammonium nitrate. To permit destructive harvests during the 
study (described below), a complete set of pots was prepared for each sampling time; for four 
harvests, 84 pots were prepared. A basal application of phosphorus (60 kg P ha-1), potassium (180 
kg K ha-1), sulfur (12 kg S ha-1), calcium (6 kg Ca ha-1), magnesium (3 kg Mg ha-1), iron (17 kg 
Fe ha-1), boron (0.1 kg B ha-1), manganese (2.5 kg Mn ha-1), copper (1 kg Cu ha-1), zinc (1 kg Zn 
ha-1) and molybdenum (0.05 kg Mo ha-1) was applied to all treatments. All fertiliser rates were 
calculated based on the surface area of growing containers (18 L pots, 0.33 m diameter with a 
surface area of 0.081 m2) and uniformly incorporated into the potting mix (30% sand, 30% peat 
and 40% perlite) at planting. The total N content in peat was 43 g pot-1 (0.9% N, 4.9 kg peat pot-1).   
 
Sweetpotato vines were cut into approximately 30 cm lengths with four nodes. Three nodes were 
inserted horizontally into the potting mix. The plants were watered using a twin pot water 
management system consisting of a stack of two plastic pots (270 mm high and 330 mm diameter 
each) separated by a collar (40 mm high). The bottom pot acted as a water reservoir linked to the 
upper pot by capillary tape (Hunter et al. 2012). Each unit was wrapped with reflective insulation 
sheet (Ametalin SilverWrapTM Breather, Australia) to prevent over heating of potting mix and 
excessive water loss from the surface of the potting mix due to the solar radiation. The pots were 
then placed 50 cm apart from the centre of one pot to another. At one week after planting (WAP), 
staking materials i.e. bamboo stakes and soft strings were used to support the sweetpotato canopy.  
Three bamboo stakes were inserted in each pot and vines were loosely attached using soft string. 
 
3.2.1.1 Data collection and laboratory analyses 
 
Three replicated plant samples were harvested at 2, 4, 6 and 12 WAP from each treatment. The 
decision to complete the final harvest at 12 WAP was made based on that Beauregard takes 15+ 
weeks to reach crop maturity. The harvested plant samples were first separated into belowground 
and aboveground parts. The belowground parts were carefully washed with deionized water to 
remove the potting mix, then separated into fibrous roots (<0.5 cm diameter) and storage roots 
(>0.5 cm diameter) consistent with other sweetpotato studies (Villordon et al. 2012). In this 
glasshouse study, storage root size was not graded since Beauregard requires around 15 to 16 
weeks to reach maturity (Rolston et al. 1987). The aboveground parts were separated into leaves 
and stems. Leaf area was measured using a leaf area meter (Li-3100C, LI-COR, USA). 
Subsequently, fresh biomass of each plant part was recorded and the material dried at 70°C to 
constant weight.  Samples were weighed for dry biomass, then ground to pass through a 50 μm 
mesh sieve for tissue N analysis using a LECO Truspec CHN analyser (LECO Australia Pty Ltd, 
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Castle Hill, NSW, Australia). Nitrogen concentrations were multiplied with dry biomass data to 
obtain the N content of each plant part.  Total N accumulation was thus calculated as the sum of 
N contents from all plant parts. Percentage N recovery was calculated by the following equations 
(Pomares-Garcia and Pratt 1978); % 𝑁 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (
𝑁𝐹−𝑁𝐶
𝑅
) 𝑥 100, where NF was total plant N 
uptake by N fertilised plants, NC was total plant N uptake by unfertilised plants, and R is the N 
fertiliser rate applied. 
 
3.2.1.2 Statistical analyses 
 
The data were analysed as a one-way analysis of variance (ANOVA) for a randomized complete 
block design using Minitab (Minitab Inc, State College, PA, USA). Mean comparisons by 
treatment were conducted using the least significant difference (LSD) test at p<0.05. The 
relationship between N application rates and parameters such as the number and biomass of storage 
roots, and N concentration were described using segmented linear regression (MicroQuasp) 
(Greenhalgh et al. 1987). 
 
3.2.2 Field study 
 
The experiment was conducted as a randomized complete block design with six treatments and 
four replicates. The treatments consisted of six N application rates of 0, 50, 100, 150, 200 and 250 
kg ha-1 which combined with N mineralized from soil organic matter during the growing period, 
estimated from N uptake by control plants (160 kg N ha-1), represented supply rates of 160, 210, 
260, 310, 360 and 410 kg ha-1. Mineralized N was estimated as the sum of N measured in storage 
roots of control plants in this study (76 kg N ha-1) and N in aboveground parts estimated on the 
basis of O'Sullivan et al. (1997).  Aboveground biomass of the control plants was calculated as 
60% of storage root yield, providing an estimate of 24 t ha-1 for a storage root yield of 40 t ha-1. 
Assuming a fresh tissue N concentration of 0.35% (86% moisture), an N accumulation estimate of 
84 kg N ha-1 was obtained, which combined with the storage root N provided a total of 160 kg N 
ha-1. The N fertiliser was split across three applications; 40% of the total N fertiliser was applied 
into a furrow at planting, with the remaining 60% being applied to plots through trickle irrigation 
as two equal applications at 4 and 8 WAP. Basal nutrients including 106 kg S ha-1, 22 kg Ca ha-1, 
20 kg Mg ha-1, 1 kg Zn ha-1, and 1 kg B ha-1 were applied at planting through the trickle irrigation, 
except 30 kg P ha-1 which was incorporated into the plot and 180 kg K ha-1 which was applied into 
a furrow along the plot area.  
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Table 3.1 Soil test results (0-15 cm) of the field experimental site prior to the study 
 
Soil parameter  
pHa  4.9  
ECa (dS)  0.040 
Organic C (%)b 1.7 
N  (as NO3-N mg/kg)
c 12 
P (mg/kg) d  150 
SO4-S (mg kg
-1)e 6.3 
Ca (cmolc kg
-1)f 300 
Mg (cmolc kg
-1) f 45 
Na (cmolc kg
-1) f <10 
K (cmolc kg
-1) f 49 
Cu (mg kg-1)g 0.40 
Zn (mg kg-1)g 0.90 
Mn (mg kg-1)g 45 
Fe (mg kg-1)g 400 
B (mg kg-1)h  0.60 
a measured at 1:5 (soil : water suspension) 
b Walkley & Black 
C Water-soluble nitrate-N – automated colour 
d Colwell bicarbonate test  
e Calcium phosphate-extractable S – ICPAES 
f Exchangeable bases and CEC – 1 M ammonium acetate 
g DTPA-extractable Cu, Zn, Mn and Fe 
hMehlich-3 extractable soil nutrients  
 
The experimental plot consisted of four 3-m long rows with row spacing of 1.5 m. Beauregard 
sweetpotato vine cuttings were planted in each plot at a spacing of 0.3 m along the row giving 10 
plants per row and 40 plants in the plot. Two outside rows were used as a buffer to minimize 
contamination from adjacent treatments, and the two middle rows were harvested to assess the 
yield. All other agronomic practices, such as pesticide applications and irrigation were 
administered as needed throughout the duration of the study. 
 
3.2.2.1 Data collection and laboratory analyses 
 
At 8 WAP, leaf samples were collected from each treatment. The samples were dried at 70°C to 
constant weight. At the end of the trial (25 WAP), sweetpotato roots were harvested from the 
middle datum rows. The harvested roots were graded according to a retail market specification; 
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undersize (length of <130 mm and /or diameter of <50 mm), marketable (length of 130-250 mm 
and /or diameter of 50-75 mm), and large (length of >250 mm and /or diameter of >75 mm). The 
storage roots of marketable size were defined as marketable yield, and all storage roots were 
considered for estimating total yield. A sub-sample of roots from the marketable size grade and 
leaf samples were kept for determination of dry-biomass and N content using the methods 
described above. Storage root N removal was calculated by multiplying the total dry-biomass of 
storage root yield by the storage root N concentration. 
 
3.2.2.2 Statistical analyses  
 
The data of the field study were analysed using a one-way ANOVA for a randomized complete 
block design and the broken stick model as described in the glasshouse study. 
 
3.3 Results 
 
3.3.1 Glasshouse study 
 
3.3.1.1 Aboveground biomass accumulation and growth 
 
Nitrogen supply significantly increased the aboveground biomass of sweetpotato (Figure 3.1-a). 
Although aboveground dry-biomass was similar among treatments at 2 WAP, by 4 WAP plants 
which received between 90 and 230 kg N ha-1 produced greater aboveground dry-biomass than the 
rest of the treatments. At 6 WAP, aboveground biomass peaked to 46.4 g plant-1 at 130 kg ha-1. 
Further increasing N supply rate to 230 kg ha-1 did not result in significant increase above that 
achieved at 130 kg ha-1. At 12 WAP, aboveground biomass showed similar responses to those at 
6 WAP, with the maximum biomass of 52.2 g plant-1 at 130 kg ha-1. Leaf area was significantly 
affected by N supply rates (Figure 3.1-b). From 4 WAP onward, increasing N supply rates from 0 
to 130 kg ha-1 showed a significant increase in leaf area expansion, but further increasing N supply 
rates to 230 kg ha-1 resulted in similar leaf areas to that achieved at 130 kg ha-1.  
 
 44 
 
 
Figure 3.1 Aboveground biomass (g plant-1) (a) and leaf area (cm2 plant-1) (b) of glasshouse-grown 
sweetpotato at N supply rates of 0, 30, 60, 90, 130, 160, and 230 kg ha-1 at 2, 4, 6 and 12 weeks 
after planting (WAP). Error bars; LSD (p<0.05) between N supply rate means at the same harvest 
date. 
 
3.3.1.2 Belowground biomass accumulation and growth 
 
The formation of storage roots was first observed at 4 WAP with dry-biomass of less than 1.6 g 
plant-1 regardless the N supply rate (Figure 3.2-a, 3.2-b). However, at 6 WAP, the effects of N 
supply rate became obvious, the number of storage roots increasing from 3 per plant in the control 
to 13 per plant, with dry-biomass of 27 g plant-1 at 130 kg N ha-1. Further increasing N supply rates 
did not change either number or dry-biomass of storage roots. At 12 WAP, the number and dry-
biomass of storage roots showed similar response to those at 6 WAP, with the number of storage 
roots reaching a maximum of 15 per plant with dry-biomass of 230 g plant-1 at 130 kg N ha-1. 
While the number of storage roots was steady from 6 to 12 WAP, storage roots showed a rapid 
increase in their dry-biomass accumulation, especially under high N supply rates between the 6 to 
12 week samplings. This response is similar to the response of aboveground biomass accumulation 
to N supply. 
 
Fibrous root dry-biomass was significantly affected by N supply rates (Figure 3.2-c). At 6 WAP, 
N supply rates from 130 to 230 kg ha-1 produced the greatest fibrous root dry-biomass, ranging 
between 9.0 and 10.8 g plant-1. At 12 WAP, the N supply rates from 60 to 230 kg ha-1 produced 
between 7.7 and 8.8 g plant-1 of dry-biomass and they were significant greater than that in plants 
which received N supply rates from 0 to 30 kg ha-1. 
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Figure 3.2 Number of storage roots (a) dry-biomass of storage roots (g plant-1) (b) and dry-biomass 
of fibrous roots (g plant-1) (c) of glasshouse-grown sweetpotato at N supply rates of 0, 30, 60, 90, 
130, 160, and 230 kg ha-1 at 2, 4, 6 and 12 weeks after planting (WAP). Error bars; LSD (p<0.05) 
between N supply rate means at the same harvest date. 
 
3.3.1.3 The dry-biomass partitioning between aboveground and storage roots 
 
When related to leaf area, the storage root dry-biomass increased linearly with increasing leaf area 
(Figure 3.3-a and -b). Storage root dry-biomass also increased linearly with increased aboveground 
dry-biomass (Figure 3.3-c and -d). This indicates the greater leaf area as well as aboveground dry-
biomass provided a greater size storage roots.  
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Figure 3. 3 Relationship between storage root dry-biomass (g plant-1) and leaf area (cm2 plant-1) 
at 6 weeks after planting (WAP) (a) and 12 WAP (b) and relationship between storage root dry-
biomass (g plant-1) and aboveground dry-biomass (g plant-1) at 6 WAP (c) and 12 WAP (d) of 
glasshouse-grown sweetpotato. 
 
3.3.1.4 Nitrogen accumulation and distribution among plant parts  
 
Nitrogen application increased leaf N concentration and consequently impacted the total plant N 
content (Figure 3.4). Leaf N concentration peaked at a supply rate of 60 kg N ha-1, with the 
concentration of 2.96%; no further change was observed as the N supply increased to 230 kg ha-1. 
The N concentration observed in stems, fibrous roots and storage roots was similar among N 
application rates, ranging from 0.44 to 0.74% for stems, 0.80 to 1.26% for fibrous roots, and 0.19 
to 0.37% for storage roots. 
 
Total plant N content was the lowest in control plants (0.042 g plant-1) and plants that received 30 
kg N ha-1, with N equally distributed between aboveground and belowground parts (Figure 3.4). 
Total plant N content increased with increasing N application rate up to 130 kg ha-1 where N 
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accumulation was 1.43 g plant-1, with 55% of the N in the aboveground parts (79% of that located 
in leaves) and the remainder (45%) in the belowground parts (84% was in the storage roots). 
Further increasing N application to 230 kg ha-1 did not change the total N content in plant biomass, 
N partitioned to aboveground biomass was 59% (80% of that located in leaves) and the remainder 
(41%) was accumulated in the belowground parts (83% was in the storage roots). With increasing 
N application, partitioning of N to aboveground parts tended to increase and thus reduce in 
belowground parts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Leaf N concentration (%) (line chart), total N content (g plant-1) (bar chart) divided as 
a proportion of N between aboveground parts and belowground parts of glasshouse-grown 
sweetpotato at N supply rates of 0, 30, 60, 90, 130, 160, and 230 kg ha-1 at 12 weeks after planting 
(WAP). Error bars; LSD1 (p<0.05) between N supply rate means for the N concentration; LSD2 
(p<0.05) between N supply rate means for the total N in aboveground part; LSD3 (p<0.05) 
between N supply rate means for the total N content. 
 
3.3.1.5 Nitrogen recovery 
 
Using the control plants to provide an assessment of the N supply provided by the potting mix (4.9 
kg ha-1), N recovery values peaked in plants receiving N supply rates from 60 to 130 kg N ha-1, 
ranging from 126 to 134% (Table 3.2).  
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Table 3.2  Nitrogen recovery (%) of glasshouse-grown sweetpotato at N supply rates of 0, 30, 60, 
90, 130, 160, and 230 kg ha-1 at 12 weeks after planting (WAP). 
 
Supply rates 
Actual N supply               
(g pot-1)a 
N accumulation 
(g plant-1) 
N recovery (%)b 
0 kg N ha-1 0 0.04 - 
30 kg N ha-1 0.26 0.25 96.2b* 
60 kg N ha-1 0.51 0.64 126.0a 
90 kg N ha-1 0.77 1.03 134.0a 
130 kg N ha-1 1.11 1.43 129.0a 
160 kg N ha-1 1.37 1.32 96.4b 
230 kg N ha-1 1.97 1.53 77.7b 
a Actual amount of N application was calculated based surface area of the pots (0.086 m2) 
b N recovery (%) is the N uptake (g) expressed as a percentage of the N application (g) 
* Means within the same column that share a letter are not significantly different at 95% confidence 
interval. 
 
3.3.2 Field study 
 
3.3.2.1 Storage root number and yield  
 
The total yield of sweetpotato peaked (46.7 t ha-1) at a N supply of 260 kg ha-1 (Figure 3.5-a). 
Further increase in N to 410 kg ha-1 reduced the total yield by up to 14%. The response of the total 
yield to N supply followed a broken stick model with the optimum N rate of 229 kg N ha-1; yield 
then decreasing with increasing N application over the optimum rate. In contrast to the total yield, 
the marketable yield was not influenced by N availability, with average yield at 25.4 t ha-1. Similar 
to marketable yield, the number of storage roots per plant was not significantly affected by N 
supply, ranging from 5.3 to 6.4 for total number of storage roots and from 4.1 to 5.5 for marketable 
number of storage roots (Figure 3.5-b).  
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Figure 3.5 Total and marketable yield (t ha-1) (a) and total and marketable number of storage roots 
(b) of field-grown sweetpotato at estimated N supply of 160, 210, 260, 310, 360, and 410 kg ha-1. 
Error bars; LSD (p<0.05) between N supply rate means for the total yield of sweetpotato. 
 
3.3.2.2 Nitrogen concentration among plant parts and storage root N removal 
 
Leaf N concentration was significantly affected by N supply (Figure 3.6-a). Sweetpotato receiving 
260 to 410 kg N ha-1 had leaf N concentrations from 4.76 to 5.16%, while lower N supply resulted 
in significantly lower leaf N concentration at 4.44 to 4.55%. Storage root N concentration also 
showed a positive response to N supply (Figure 3.6-b), with the maximum storage root N 
concentration of 1.46% at 410 kg N ha-1, and the minimum concentration of 0.78% at 160 kg N 
ha-1. The N removal with storage roots also significantly increased with increasing N supply 
(Figure 3.6-b).  Plants which received 310 to 410 kg N ha-1 had the maximum N removal, ranging 
from 116 to 132 kg N ha-1, while control plants removed 76 kg N ha-1.  
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Figure 3.6 Leaf N concentration (%) (a) and storage root N concentration (%) (scatter with 
regression line) and N removal in storage roots (bar chart) (kg N ha-1) (b) of field-grown 
sweetpotato at estimated N supply of 160, 210, 260, 310, 360, and 410 kg ha-1. Error bars; LSD1 
(p<0.05) between N supply rate means for the leaf N concentration; LSD2 (p<0.05) between N 
supply rate means for the N removal with storage roots; LSD3 (p<0.05) between N supply rate 
means for the storage root N concentration. 
 
3.4 Discussion  
 
The response of glasshouse-grown sweetpotato to N fertilisation was different to that observed in 
the field-grown sweetpotato. For glasshouse-grown sweetpotato, increasing N supply from 0 to 
130 kg ha-1 increased the number and dry-biomass of storage roots as well as aboveground biomass 
and leaf area, with N supply greater than the optimum rate resulting in no further change of those 
attributes. In contrast, for field-grown sweetpotato, the total storage root yield increased with 
increasing N supply, but further increasing N supply over the optimum (260 kg ha-1) significantly 
reduced total storage root yield. These different responses in storage root production under high N 
supply are attributed to differences in leaf area production and photoassimilate restriction during 
the storage root-bulking period. It is important to note that the purpose of this study was to assess 
the mechanisms of yield responses to N-application and not to compare yields and N-responses 
under field and glasshouse conditions. This is due to different harvest date between sweetpotato 
grown in the glasshouse and the field may affect the yield response to N supply.  
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With increasing N application, storage root growth and yield of the glasshouse-grown sweetpotato 
linearly correlates to aboveground biomass and leaf area production. Increasing N supply 
increased the rate of cell division and cell expansion in growing leaves and/or enhanced leaf 
photosynthetic efficiency, thus producing more photoassimilate for partitioning to sinks (Gastal 
and Lemaire 2002). In this trial, the greater leaf area with increasing N supply was largely due to 
increased leaf number (data not shown). It has been estimated that sweetpotato with a leaf area 
index (ratio of leaf area to land/pot area; LAI) of 3 to 4 is required to intercept 95% of 
photosynthetically active radiation (PAR) (Ravi and Indira 1999); with a curvilinear response 
reported between increasing LAI and the net assimilate rate of photosynthesis (Novoa and Loomis 
1981). Although LAI increased to 10 at high N supply for the glasshouse-grown plants in this trial, 
a linear relationship between the leaf area and storage root dry-biomass was observed (slope of 
0.026 g storage root dry-biomass cm-1 leaf area, r2 = 0.85). A linear correlation was also observed 
between the aboveground dry-biomass and storage root dry-biomass (slope of 4.2 g storage root 
dry-biomass g-1 aboveground dry-biomass, r2 = 0.90). This result is attributed to the use of bamboo 
stakes and soft strings to support the sweetpotato vines, allowing the canopy to capture sunlight 
from an area much greater than the pot surface area. Thus, plants could maintain high 
photosynthetic potential of the canopy, particularly in the lowermost leaf strata in canopy’s profile. 
Staking the plants and increasing the area of light interception ensured that the mutual shading 
within and between plant canopies was minimized.  
 
While fertiliser was the main source of plant available N for glasshouse-grown sweetpotato, the 
amount of N stored in control plants indicated alternative sources of available N supply to plants 
i.e. peatmoss in potting mix and initial N in sweetpotato vine cuttings. Mineralisation of peatmoss 
was previously reported to occur at a constant rate of 5% over a 3-month incubation (Kanamori 
and Yasuda 1979). Other studies have reported that peatmoss contained NO3
-N at up to 39 mg kg-
1 (Boyer et al. 2012). While the potting mix used in this trial contained no available mineral N (i.e. 
NO3
- and NH4
+) at planting stage, sweetpotato that received 130 kg N ha-1 recovered an additional 
37 kg ha-1 of N, most likely as a result of mineralisation of peatmoss in potting mix. Initial N in 
vine cuttings (0.0035 g) also contributed to the additional N, though this was a small proportion 
of the N content of the control plants (8%). This value was calculated from the dry-biomass of 
vine cutting at an average 0.23 g cutting-1 (a sum of stem N content, 0.19 g, and leaf N content, 
0.04 g) and N concentration of leaf (4.1%) and stem (1%).   
 
In contrast to the glasshouse study, the field-grown sweetpotato showed a reduction of storage root 
yield with increasing N supply over the optimum rate. Increase in N supply from 160 (0 kg ha-1 of 
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N fertiliser) to 260 kg ha-1 (100 kg ha-1 of N fertiliser) increased total yield of sweetpotato. 
However, further increase in N supply resulted in a significant reduction of total yield, almost 14 
% at 410 kg N ha-1 (250 kg N ha-1 from fertiliser). In this trial, the soil derived-N (i.e. initial soil N 
and N mineralisation during the growing period) had a strong influence on sweetpotato N 
acquisition since the fibrous roots are branched horizontally and obliquely with lateral roots in the 
root zone to acquire soil derived-N throughout the growing period (Ravi and Indira 1999; Wilson 
and Lowe 1973a). The initial mineral N in the surface 15 cm of soil was estimated at 22 kg ha-1 
(calculated from 12 mg NO3
- N kg-1 and soil bulk density of 1.2 t m-3). As no reliable soil test is 
available to predict soil N mineralisation, an alternative approach was used to assess the 
contribution of soil derived-N to crop uptake by the unfertilised plants. O'Sullivan et al. (1997) 
estimated N removal in storage roots (yield of 50 t ha-1) at 110 kg N ha-1, and N accumulated in 
the whole plant at 215 kg N ha-1 (using an aboveground biomass : storage root ratio of 0.6 to 
estimate the N removal with aboveground part). Based on O'Sullivan et al. (1997)’s work, the N 
accumulation in the aboveground biomass of the control plant was estimated to be approximately 
84 kg ha-1, providing a total plant N accumulation of 160 kg ha-1. This estimated value corresponds 
to uptake of 153 kg N ha-1 reported for unfertilised sugarcane in the same growing region (Bell et 
al. 2010; Thorburn et al. 2003). 
  
The reduction of storage root yield at high N supply (>260 kg N ha-1) in this field-grown 
sweetpotato corresponds to previous field studies which reported that application of N fertiliser 
over the optimum rate resulted in yield reduction (Hartemink et al. 2000a; Villagarcia 1996). 
Hartemink et al. (2000a) reported that increasing N supply from 100 to 200 kg ha−1 reduced total 
yield of sweetpotato by 24%, and by 71% at 400 kg N ha−1. In contrast, aboveground growth 
increased by 80% at 200 kg ha−1 and by 138% at 400 kg ha−1. From a physiological point of view, 
the adverse effect of excess N supply on storage root yield most likely involves high N supply 
promoting aboveground growth, particularly leaf area expansion, at the expense of storage root 
yields. Under field condition where the sweetpotato expands its canopy horizontally, the petioles 
of newer leaves become progressively longer placing the leaf blade above older leaves, thus the 
older leaves are in a less favourable position in the canopy’s light-reception hierarchy (Ravi and 
Indira 1999). Newer leaves within the plant, as well as those of adjacent plants, cause shading of 
older leaves in the lower layer of the canopy. The LAI of field-grown sweetpotato varies greatly, 
with LAI of up to 8 reported at high N supply (Enyi 1977; Ewel et al. 1982; Ravi and Indira 1999). 
In a study of sweetpotato, Ewel et al. (1982) reported that at a LAI of 3, the ground surface was 
fully covered with dense leaves of sweetpotato near the ground level and that light transmitted was 
less than 2% of PAR, resulting in the intact lowermost leaves where light transmission is restricted 
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having low leaf photosynthesis capacity. This suggests that the shaded leaves may act as a 
competitive sink, the plant supplying photoassimilates to shaded leaves for respiration, rather than 
to storage roots for growth (Mortley et al. 1991). In addition, plant density, particularly under high 
N fertiliser supply, can strongly influence canopy development of sweetpotato (Ravi and Indira 
1999). Increase in plant density increased the shading effects on storage root establishment and 
thus resulted in a decrease in the proportion of photoassimilates allocated to storage roots (Mortley 
et al. 1991). The optimum plant spacing to produce maximum yield of most sweetpotato cultivars 
varies from 15 to 40 cm regardless of N supply (Schultheis et al. 1999). However, the reduction 
of storage root yield because of excessive N supply is still reported. This may be due to the high 
N supply may sometimes be common in sweetpotato production; rates approaching 200 kg N ha-1 
are occasionally applied in some areas in California, USA (Smith et al. 2009) and in China (Zhang 
et al. 2009).  
 
Alternative explanations to account for the reduction of storage root yield at high N levels can be 
advanced. One is that high N supply increased the N concentration of storage roots, with storage 
root dry-biomass, reflecting a higher protein content of storage roots (Greenwood et al. 1980). 
More photoassimilate is required to synthesize a unit of protein than a unit of carbohydrate, 
resulting in a suppression of net biomass accumulation in the storage roots (De Vries 1975; 
Greenwood et al. 1980). This phenomenon mostly occurs when N acquisition by the plant exceeds 
that required to support synthesis of new tissue, and thus remobilisation of N from mature leaves 
to storage roots is suppressed (Autran et al. 2001).  
 
Another explanation, frequently encountered in the sweetpotato literature, is that excess N supply 
may inhibit cell division of the stele, hence favouring the production of non-storage roots (Togari 
(Togari 1950; Wilson 1973). Recent work suggests that the growth period from 1 to 4 WAP is 
crucial in determining whether sweetpotato adventitious roots develop as storage roots or non-
storage roots (Villordon et al. 2009a; Villordon et al. 2009b). In the glasshouse trial reported here, 
all N fertiliser was applied at the start of the experiment and will have been present in the rooting 
media in plant available form. Despite the supply of up to 230 kg N ha-1, there was no indication 
that storage root formation was inhibited. In contrast, plants in the field trial received only 40% of 
total amount of N in the first 4 WAP, and adverse effects of N supply on the number of storage 
roots formed should have been minimized. Thus, both glasshouse and field studies provide 
evidence against the N inhibition of stele cell division hypothesis.  In commercial production, split 
application of N is a standard agronomic practice, effectively minimizing the mineral N present in 
the root zone early in the crop growth period. Given the lack of inhibition of storage root formation 
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observed in the glasshouse and field trials, even at high N supply rates, it is unlikely that excess N 
supply will limit sweetpotato storage root formation in production systems. 
 
Critical N concentration is defined as the minimum crop N concentration required to achieve 
maximum crop growth rate, and this concept has often been used as a guide to N fertilisation to 
ensure maximum yields and avoid excess N application (Greenwood et al. 1990). Leaf N 
concentration of glasshouse-grown sweetpotato supplied with 130 kg N ha−1 was 3.0%; further 
increasing the N supply rate did not increase the N concentration. This value was within the 
adequate range reported by Walker and Woodson (1987) and Huett et al. (1997), but below the 
critical value (4%) reported by O'Sullivan et al. (1997). The different critical N concentration could 
be attributed to different sampling ages where leaf N concentration from this glasshouse trial was 
estimated at 12 WAP, while the critical value proposed by O'Sullivan et al. (1997) was determined 
at 4 WAP. The concept of critical N concentration (Ncrit) can be explained through the allometric 
relationship; Ncrit = aW
1-b where W is the plant dry-biomass and a is coefficient factor (Greenwood 
et al. 1982). This indicates that the average N concentration in plant biomass decreases when plants 
grow bigger, the so-called dilution effect, resulting from increasing proportion of tissue with low 
N concentration to the total biomass (Plénet and Lemaire 1999). In field-grown sweetpotato, 
critical N concentration can be used to determine whether crop N nutrition is deficient or excessive 
with respect to crop growth rate (Gastal and Lemaire 2002). Leaf N concentration of all N supply 
treatments in the field trial (4.44 to 5.16 %) (unlike glasshouse trial) exceeded the concentration 
reported by O'Sullivan et al. (1997) and Walker and Woodson (1987) as adequate. While the 
glasshouse-grown sweetpotato received N mostly from fertiliser application, the field-grown 
sweetpotato was able to absorb available mineralised N from the soil during the entire growing 
season. This led to field -grown sweetpotato accumulating greater amount of N in plant parts. 
 
3.5 Conclusion 
 
In this study, the hypothesis that high N supply suppressed storage root formation and growth and 
subsequently yield of sweetpotato has been partially supported. While there was no evidence that 
storage root formation of sweetpotato was inhibited by high N supply in either glasshouse- or field-
grown sweetpotato, high N supply significantly reduced storage root growth and yield in field-
grown sweetpotato. The underlying mechanism regulating the responses of storage root growth 
and yield of the glasshouse- and field-grown sweetpotato to supply of N was the source capacity 
(i.e. the leaf area) and its resource restriction. For glasshouse-grown sweetpotato, the number and 
dry-biomass of storage roots linearly correlated with aboveground dry-biomass and leaf area; 
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increasing with increasing N supply. This result is in some respects an artefact of the experimental 
protocol used, where the canopy management permitted the plants to capture more sunlight than 
that falling on the pot surface area. Importantly, increasing N supply over the optimum rate (130 
kg N ha-1) resulted in no reduction in storage root formation despite high available N levels early 
in the crop growth period. In the field-grown sweetpotato, increasing N supply increased total 
yield of sweetpotato; however, total storage root yield was significantly reduced by N supply over 
the optimum rate (260 kg N ha-1). This yield reduction is attributed to allocation of 
photoassimilates to aboveground growth at the expense of storage root yields. 
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Chapter 4: Root zone temperature alters storage root formation and growth of sweetpotato 
 
Abstract   
 
Large mounds amended with plant residues are a common cultivation method for sweetpotato 
(Ipomoea batatas) in the western parts of the Papua New Guinea (PNG) highlands. A main benefit 
is thought to be elevated root zone temperature (RZT) as a consequence of decomposing plant 
residues.. This study aimed to evaluate whether RZT affects the formation and growth of 
sweetpotato storage roots. Experiments evaluated the effects of a constant elevated RZT on the 
Beauregard cultivar, and of a short-term increase in RZT on the Beauregard and Northern Star 
cultivars. Plants were grown in 18-L pots divided into a control compartment (constant RZT at 
20°C) and a treated compartment (RZT at 30, 40 or 50°C). Constant elevated RZT was maintained 
until harvest, while short-term increase in RZT occurred throughout weeks 2 and 3 only. Constant 
elevated RZT did not affect the total number of storage roots, but RZT of 30°C and above reduced 
the dry-biomass of storage roots. The short-term increase in RZT did not alter the total number or 
dry-biomass of storage roots in Beauregard, while both of these attributes were reduced at RZT of 
40°C and 50°C for Northern Star. Elevated RZT inhibited dry-biomass accumulation of storage 
root, with a more pronounced impact at constant elevated RZT. These results demonstrate that any 
benefits of the mound culture on sweetpotato yield production do not arise through the influence 
of increased temperature. 
 
 
Keyword: mound culture, sweetpotato, storage root formation, root zone temperature 
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4.1 Introduction 
 
Sweetpotato (Ipomoea batatas) is an important root crop that is grown throughout tropical and 
sub-tropical regions of the world (Lebot 2009). It is a staple food for communities living in the 
highlands of Uganda, Rwanda, Burundi in East Africa, and Papua New Guinea (PNG) (Bourke 
2005a). In Enga, in the north-most region of the highlands of PNG, and in the Southern and 
Western Highland provinces, Hela and Western Highlands provinces, sweetpotato is widely 
cultivated on large organic matter amended mounds, typically around three meters in diameter and 
one meter high. This practice involves the collection of plant residue (which may be fresh or 
partially dried) and the placement of this material in a shallow hole (Bourke et al. in press). Surface 
soil is then used to cover the plant residue and thus form a mound (Taraken and Ratsch 2009). The 
breakdown of plant residue usually occurs shortly after mounding, so that nutrients from the plant 
residue become available for the crop during its growth (Sillitoe 1998). In addition to nourishing 
the crop, organic matter decomposition generates heat, and sweetpotato roots grown using this 
system are exposed to increased root zone temperatures (RZT). It has been suggested that high 
RZT in the mounds improves storage root growth and development (Taraken and Ratsch 2009) 
though no clear evidence for this exists. Studies have examined nutrient release and its supply to 
sweetpotato crops (Floyd et al. 1988; Sterly 1977; D'Souza and Bourke 1982; D'Souza and Bourke 
1986) and have reported on the magnitude of increased temperature (Waddell 1972; Sterly 1977; 
Wood 1984), though few studies have explored the longevity of the increased temperature. Thus 
the response of sweetpotato roots to the elevated RZT inside mounds remains unclear. If RZT is 
indeed important in the initiation of sweetpotato storage roots, an understanding of this effect 
would permit the system to be manipulated in a way that optimizes yield. It would also permit soil 
temperature manipulation as a means of maximizing yield in commercial production systems. 
 
Research shows that RZT is an important factor controlling the establishment of plant root systems 
(Kaspar and Bland 1992; McMichael and Burke 1998). Changes in RZT to above or below the 
optimum range affect the mechanisms of root growth and development (Barlow and Adam 1989). 
For example, Ueki and Sasaki (1987) reported that sweetpotato crops grown with a RZT of 35°C 
for 60 days had increased lignification of the stele, resulting in the production of five time fewer 
storage roots compared to plants grown with a RZT of 25°C. Pardales et al. (1999) also found that, 
at three weeks after planting (WAP), the number of sweetpotato adventitious roots in plants grown 
under a constant high RZT (40°C) were almost 50% less than those produced in plants grown at 
25°C. The influence of RZT on growth and development has also been reported in other crops 
such as cassava (Manihot esculenta) (Keating and Evenson 1979) and peanut (Arachis hypogaea) 
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(Awal and Ikeda 2003b; Golombek and Johansen 1997). However, while the effect of exposing 
crop roots to constant increases in RZT have been fairly well established, the effects of exposing 
roots to short elevations in RZT have been less well explored. 
 
Ueki and Sasaki (1987) reported that sweetpotato roots exposed to a RZT of 35°C for 40 days and 
then 25°C for a 20 day period produced four times more yield of storage roots than roots exposed 
to 35°C for the whole period of 60 days, although the plants exposed to a variable RZT still 
produced 20% fewer root than plants grown at the optimum of 25°C. These authors explain that 
although the primary vascular cambium developed well at a RZT as high as 35°C, the parenchyma 
cells around the vessels developed a marked lignification. This resulted in secondary vascular 
cambium development being inhibited and thus limited storage root formation. Nakatani (1993) 
also reported that lignification of the stele cells was accelerated after sweetpotato adventitious 
roots were exposed to a RZT of 40°C for three or six hours per day. This result indicates that 
sweetpotato plants encounter anatomical difficulty in developing storage roots at higher 
temperatures, even when the RZT is altered for only a few hours per day. However, this study was 
undertaken at only one WAP, and did not cover the critical period for storage root formation of 
one to four WAP (Villordon et al. 2009b). To date, no other studies have examined the effects of 
short-term elevation in RZT, such as those observed in the PNG mound culture, on sweetpotato 
storage roots.  
 
This study aimed to examine the response of sweetpotato storage root formation and growth when 
RZT was altered in a manner reflecting likely conditions in the root zone in the PNG mound 
culture. A preliminary experiment was undertaken to investigate the magnitude and duration of 
the temperature change that occurs when organic matter, comparable to that incorporated in the 
mounds, was allowed to breakdown within a volume of soil.  The temperature elevation observed 
was then used to guide the design of glasshouse experiments conducted to address the objective of 
the study. Experiment 1 examined the effects of constant RZT on storage root formation and 
growth of the Beauregard cultivar, experiment 2 examined the effects of short-term increase in 
RZT on the storage root formation and growth of the Beauregard cultivar, and experiment 3 
examined the effects of short-term increase in RZT on storage root formation and growth of the 
Northern Star cultivar.  
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4.2 Materials and Methods 
 
4.2.1 Preliminary experiment 
 
A preliminary experiment was conducted to investigate the magnitude and duration of the 
temperature increase observed when fresh organic matter was allowed to decompose in soil in a 
temperature-controlled laboratory (21±1°C) at the University of Queensland, St Lucia campus, 
Australia. A total of 30 kg of green couch grass (Cynodon dactylon) was cut into 2 to 3 cm lengths 
and then evenly separated into three portions. Each portion was placed into a 100-L container and 
covered with a 10 cm thick layer of surface soil. The soil was classified as Melanic, Eutrophic, 
Black, Dermosol (Australian soil classification, Isbell 2016) and had a dark clay loam to light clay 
texture. Thereafter, deionised water was added to the plant residue at a rate of 0.67 g g-1 and the 
moisture content of the plant residue maintained between 0.55 and 0.75 g g-1. Temperature and 
moisture sensors (5TE, Decagon, Pullman, WA, USA) were inserted into the centre of organic 
matter and connected to a data logger (EM50, Decagon, Pullman, WA, USA); the readings were 
recorded hourly. The preliminary results indicated a rapid increase of temperature inside the 
organic matter within 3 days after commencement (DAC) (Figure 1). The temperature of the 
decomposing plant residue increased to over 40°C, with peaks of 50°C, until 10 DAC. After this 
time, the temperature began to fall, moving from 40°C at 10 DAC, to 28°C by 14 DAC before 
reaching 24°C by 16 DAC (Figure 4.1). 
 
 
Figure 4.1 Changes in temperature of the plant residue pile, moisture content of the plant residue 
pile, and air temperature during the breakdown process.  
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4.2.2 Glasshouse experiments 
 
4.2.2.1 Split-root technique 
 
A split-root technique was employed in which the root system of each sweetpotato plant was 
separated into two compartments that could be maintained at different temperatures. This approach 
was intended to separate the effect of soil temperature on storage root formation and growth from 
the effect of soil temperature on the overall growth of the plant. Split-pots were built by inserting 
a polystyrene partition (20 cm high) across the middle part of the 18-L pot (27 cm high and 33 cm 
diameter) to create two equal compartments; a treated compartment that was subjected to an 
elevated temperature, and a control compartment (Figure 4.2). For sweetpotato, high variability of 
storage root formation and growth between individual plants has been reported (Villordon et al. 
2009a). This split-root technique allows the response of sweetpotato roots to different RZTs to be 
evaluated from comparison of two parts of a single plant root system, thus reducing the impact of 
between plant variability.   
 
4.2.2.2 Experimental setup 
 
Three experiments were carried out in a temperature-controlled glasshouse (25°C ±5°C) at the 
University of Queensland, St Lucia campus, Australia. Each experiment was conducted as a 
randomized complete block design and included four treatments and five replicates (a total of 20 
pots). A temperature of 50°C was set as the maximum RZT in the treated compartment in all three 
experiments, given that this was the maximum temperature reached by decomposing residue in the 
preliminary experiment. In all experiments, RZT in the control compartment was maintained at 
20°C for the whole period of study. This temperature was chosen to reflect the soil temperature 
regimes in the highlands of PNG, which are classified as isothermic and range from 15°C to 22°C 
(Moody and Radcliffe 1986). Four RZT treatments were applied in each experiment as follows; 
(1) 20°C in treated compartment (control plants); (2) 30°C in the treated compartment; (3) 40°C in 
the treated compartment; and (4) 50°C in the treated compartment.  
 
In experiment 1, RZT in the treated compartment was kept at 20°C in week one and then increased 
to the target RZT from week two to the end of week six; termed constant elevated RZT. Beauregard 
cultivars were planted for this experiment.  In experiments 2 and 3 the RZT was increased only 
during week 2 and 3 and then reduced to 20°C until the end of the experiment to stimulate the 
conditions that occurred during organic matter breakdown in the preliminary experiment; termed 
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short-term increase in RZT. The Beauregard cultivar was also used for experiment 2, while the 
Northern Star cultivar was planted for experiment 3.  Sweetpotato was harvested at the end of week 
6 in experiment 1 and 2, and at the end of week 8 in experiment 3. This variation in harvest dates 
was based on the timing of storage root formation in the different cultivars used, since this had 
been reported to occur at 4 WAP in Beauregard (Villordon et al. 2009b) (experiments 1 and 2), and 
5 to 6 WAP in Northern Star (observed from the field and glasshouse experiments, unpublished 
data) (experiment 3). 
 
4.2.2.3 Pot setup and plant culture  
 
Plants were grown in a 1:1 sand and peatmoss (by volume) media. Basal fertilisers were mixed 
uniformly through the media at rates equivalent to 150 kg N ha-1, 60 kg P ha-1, 180 kg K ha-1, 12 
kg S ha-1, 6 kg Ca ha-1, 3 kg Mg ha-1, 17 kg Fe ha-1, 0.1 kg B ha-1, 2.5 kg Mn ha-1, 1 kg Cu ha-1, 1 
kg Zn ha-1 and 0.05 kg Mo ha-1 on a pot area basis. A rectangular heating element made from 13 
mm diameter polyethylene (PE) pipe was inserted into the centre of potting mix in the treated 
compartment (Figure 4.2). The potting mix was brought to field capacity with deionized water and 
sweetpotato planted. To ensure sweetpotato root primordia produced roots into each compartment, 
a straight sweetpotato cutting was chosen and planted into the potting mix directly above the 
polystyrene compartment border (Figure 4.2). The moisture content of the potting media was 
maintained using a semi-automated sub-irrigation system (Hunter et al. 2012). The pots were 
placed into a water bath (25 cm water depth) maintained at 20°C by continuously circulating water 
from cooling units. To avoid any effect of RZT on root emergence, treatments were imposed at 
week two in each experiment (after the roots had emerged). To create the elevated RZT in the 
treated compartment, a water bath and a pump (flow rate of 4000 L hour-1) was employed in each 
treatment to circulate heated water through the main PE line connected from the pump to the 
heating element in each pot. 
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Figure 4.2 Conceptual representation of the split-pot culture system and of the plant culture in the 
split-pot. A polystyrene partition was inserted in 18L pots dividing the pot into two equal 
compartments filled with potting media; treated compartment and control compartment. A heated 
element and temperature sensor were installed in the treated compartment. The figure is not drawn 
to scale. 
 
The temperatures in treated and control compartments were monitored hourly (5TE, Decagon, 
Pullman, WA, USA, EM50, Decagon, Pullman, WA, USA) (Figure 4.3-a, b and c). The surface of 
each pot was covered with polystyrene and a reflective insulation sheet (Ametalin SilverWrapTM 
Breather, Regency Park, SA, Australia) to prevent heat and water loss from the potting media.  
 
 
Figure 4.3 Root zone temperatures in control (20°C) and treated compartments (20, 30, 40 and 
50°C) in (a) experiment 1 (constant elevated RZT); (b) experiment 2 (short-term RZT increase); 
and (c) experiment 3 (short-term RZT increase).  
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4.2.2.4 Plant measurements 
 
Plant samples were harvested at the end of week six in experiments 1 and 2 and week eight in 
experiment 3. The samples were first separated into aboveground and belowground parts, with the 
aboveground parts further separated into stems and leaves. Total leaf area per plant was measured 
using a leaf area meter (Li-3100C, LI-COR, Lincoln, NE, USA). Roots were first separated by 
growth compartment (control/treatment), and then were carefully washed with deionized water to 
remove the potting media. The root samples from each compartment were further separated into 
fibrous roots (root diameter < 0.5cm) and storage roots (root diameter >0.5 cm) (Villordon et al. 
2012). Leaves, stems, storage roots and fibrous roots were dried at 70°C to constant weight and 
their dry-biomass recorded. The samples were then ground to pass through a 50 μm mesh sieve 
for tissue N analysis using a LECO Truspec CHN analyser (LECO Australia Pty Ltd, Castle Hill, 
NSW, Australia). The N content of each plant part was then calculated from its N concentration 
and dry biomass. Total N accumulation in a plant was calculated as the sum of the N content from 
all plant parts.  
 
4.2.2.5 Statistical analysis 
 
A student’s t-test was used to determine significance of differences in the number and dry-biomass 
of storage roots, and the dry-biomass of fibrous roots in treated and control compartments within 
each treatment. Treatment difference in total dry-biomass, leaf area, total number and dry-biomass 
of storage roots, total fibrous root dry-biomass, and N content of total dry-biomass were 
determined by one-way analysis of variance (ANOVA) for a randomized complete block design 
using Minitab v.16 (Minitab Inc, State College, PA, USA). Mean comparisons between treatments 
were conducted with the least significant difference test (LSD) at p<0.05.  
 
4.3 Results 
 
4.3.1 Relative aboveground biomass and leaf area  
 
Neither constant elevated RZT nor short-term increases in RZT significantly affected the relative 
aboveground biomass (leaves and stems) (Figure 4.4-a, b and c). However, the relative leaf area 
of plants exposed to a constant elevated RZT of 30°C and 40°C was significantly greater than that 
observed at 20 or 50°C. Short-term increases in RZT, however, did not affect relative leaf area.  
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Figure 4.4 Relative aboveground dry-biomass (% of aboveground biomass in each treatment 
compared to control) and relative leaf area (% of leaf area in each treatment compared to control) 
of (a) Beauregard grown under a constant elevated RZT (experiment 1); (b) Beauregard grown 
under a short-term increase in RZT (experiment 2), and (c) of Northern Star grown under a short-
term increase in RZT (experiment 3). Error bar represents LSD (p<0.05) between root zone 
temperature means for leaf area.  
 
4.3.2 Number of storage roots  
 
Comparison of the number of storage roots in heated and control compartments for each treatment 
in Experiment 1, revealed that a constant elevated RZT did not affect the number of storage roots 
(Figure 4.5-a). In accordance with this, when the difference in the number of storage roots between 
heated and control compartments was expressed as an absolute value, no significant difference in 
the number of storage roots was observed (Figure 4.5-b). 
 
In experiment 2, where Beauregard was grown under a short-term increase in RZT, there was no 
difference in the number of storage roots in control compartments and those heated to 30°C and 
40°C.  However, at a RZT of 50°C, the treated compartments produced significantly fewer storage 
roots than were present in the control (Figure 4.5-c). However, the absolute number of storage 
roots in the heated relative to the control compartments was similar across the treatments with 
short-term increase in RZT (Figure 4.5-d).  
 
In experiment 3, where Northern Star was grown under a short-term increase in RZT, the number 
of storage roots between compartments was not affected by the short-term increase in RZT (Figure 
4.5-e). The absolute number of storage roots in the heated relative to the control compartments 
also had similar value across the treatments (Figure 4.5-f). 
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Figure 4.5  The number of storage roots in heated and control compartments and the difference in 
the number of storage roots between heated and control compartments of (a and b) Beauregard 
grown under constant elevated RZT (experiment 1), (c and d) Beauregard grown under short-term 
increase in RZT (experiment 2) and (e and f) Northern Star grown under short-term increase in 
RZT (experiment 3). Differences between heated and control compartments within treatments, as 
determined by Student’s paired t-test, are indicated by * p<0.05. 
 
The total number of storage roots (i.e. the sum of the number of storage roots in treated and control 
compartments) was not affected by either a constant or short-term elevated RZT for Beauregard 
(Figure 4.6-a and b). However, Northern Star storage root numbers were significant affected by 
the short-term increase in RZT, with the total number of storage roots greatest in plants exposed 
to a RZT of 20°C, and lowest in plants exposed to RZT of 50°C (Figure 4.6-c). 
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Figure 4.6 The total number of storage roots of (a) Beauregard grown under a constant elevated 
RZT (experiment 1), (b) Beauregard grown under a short-term increase in RZT (experiment 2) 
and (c) Northern Star grown under a short-term increase in RZT (experiment 3). Error bar 
represents LSD (p<0.05) between RZT means for the total number of storage roots. 
 
4.3.3 Dry-biomass of storage roots 
 
For experiment 1, comparison of the dry-biomass of storage roots between heated and control 
compartments within treatments showed that constant increased RZTs of 30°C and 40°C 
significantly affected the dry-biomass of sweetpotato storage roots. Storage roots exposed to a 
RZT of 30°C produced a greater dry-biomass when compared to the control compartment, while 
in plants exposed to a RZT of 40°C, the heated compartment produced a smaller storage root 
biomass than the control compartment (Figure 4.7-a). There was no significant difference for 
plants exposed to 50°C. When the difference between control and heated compartments was 
expressed as an absolute biomass, there was no significant difference between the different 
temperatures (Figure 4.7-b). 
 
For experiment 2, where Beauregard was exposed to a short-term increase in RZT, significantly 
greater dry-biomass of storage roots was observed in heated compartments with RZTs of 30°C and 
40°C, while no significant differences were observed for the remaining treatments (Figure 4.7-c). 
The absolute dry-biomass difference for storage roots was also similar across the treatments with 
short-term increase in RZT (Figure 4.7-d).  
 
For experiment 3, Northern Star storage roots exposed to a short-term RZT of 40°C had a greater 
dry-biomass of storage roots than control compartments.  There were no significant differences 
for the remaining temperature treatments (Figure 4.7-e). The absolute dry-biomass difference 
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between compartments was significantly affected, with plants exposed to a short-term RZT of 
40°C producing the greatest the absolute difference in storage root biomass (Figure 4.7-f). 
 
Figure 4.7 The dry-biomass of storage roots in heated and control compartments and the absolute 
difference in dry-biomass of storage roots between heated and control compartments of (a and b) 
Beauregard grown under constant elevated RZT (experiment 1), (c and d) Beauregard grown under 
short-term increase in RZT (experiment 2) and (e and f) Northern Star grown under short-term 
increase in RZT (experiment 3). Differences between heated and control compartments within 
treatment, as determined by a Student’s paired t-test, are indicated by * p<0.05. 
 
The total dry-biomass of storage roots (i.e. the sum of storage root dry-biomass in treated and 
control compartments) was greatly reduced with any increase in constant elevated RZT of 
experiment 1, with plants at 20°C having significantly greater total dry-biomass than the rest of 
treatments (Figure 4.8-a). In experiment 2, where Beauregard was exposed to short-term increase 
in RZT, the dry-biomass of storage roots was not significantly different at different temperatures 
(Figure 4.8-b).  However, in experiment 3, Northern Star plants exposed to a short-term RZT of 
50°C had storage roots with a dry biomass that was 52% lower than the other treatments (Figure 
4.8-c).  
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Figure 4.8 The total dry-biomass of storage roots of (a) Beauregard grown under a constant 
elevated RZT (experiment 1); (b) Beauregard grown under a short-term increase in RZT 
(experiment 2); and (c) Northern Star grown under a short-term increase in RZT (experiment 3). 
Error bars represents LSD (p<0.05) between RZT means for the total dry-biomass of storage roots. 
 
4.3.4 Fibrous root dry-biomass  
 
For experiment 1, comparison of heated and control compartments within treatments showed that 
at a constant elevated RZT, the dry-biomass of fibrous roots was similar between compartments, 
except at a temperature of 40°C, where heated compartments had a significantly greater dry-
biomass than controls (Figure 4.9-a). The absolute biomass difference for plants grown at a RZT 
of  40° was also significantly greater than those grown at 50°C, although neither of these treatments 
were significantly different from the control or 30°C treatments (Figure 4.9-b).  
 
In experiment 2, the short-term increase in RZT did not result in significant changes to the dry-
biomass of Beauregard fibrous roots in heated versus control compartments at any temperature 
(Figure. 4.9-c). The absolute dry-biomass of fibrous roots between compartments was also similar 
across the treatments (Figure. 4.9-d). In experiment 3, Northern Star plants exposed to 30°C and 
50°C had a significantly greater fibrous root dry-biomass than control compartments (Figure. 4.9-
e). However, the absolute dry-biomass difference between compartments was not significantly 
different across the treatments (Figure. 4.9-f). 
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Figure 4.9 The dry-biomass of fibrous roots in heated and control compartments and the absolute 
dry-biomass of fibrous roots in heated relative to control compartments of (a and b) Beauregard 
grown under constant elevated RZT (experiment 1); (c and d) Beauregard grown under short-term 
increase in RZT (experiment 2); and (e and f) Northern Star grown under short-term increase in 
RZT (experiment 3). Differences between heated and control compartments within treatment, as 
determined by Student’s paired t-test, are indicated by * p<0.05. Error bar represents LSD (p<0.05) 
between root zone temperature means for the absolute dry-biomass difference of fibrous roots 
between heated and control compartments. 
 
A constant elevated RZT significantly affected the total dry-biomass of fibrous roots, with plants 
exposed to a RZT of 30°C producing significantly greater total dry-biomass than the controls 
(Figure. 4.10-a). Short-term increases in RZT, however, did not affect the fibrous roots of either 
sweetpotato cultivar (Figure. 4.10-b and c).  
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Figure 4.10 The total dry-biomass of fibrous roots of (a) Beauregard grown under constant 
elevated RZT (experiment 1); (b) Beauregard grown under short-term increase in RZT (experiment 
2); and (c) Northern Star grown under short-term increase in RZT (experiment 3). Error bar 
represents LSD (p<0.05) between RZT means for the total dry-biomass of fibrous roots.  
 
4.4 Discussion 
 
Storage root formation 
 
Depending on the cultivar, increasing RZT had either no effect, or negatively impacted, the storage 
root formation of sweetpotato.  For the Beauregard cultivar, the total number of storage roots was 
not altered by increasing RZT when plants were exposed either to a constant elevated RZT or to a 
short-term increase in RZT (Figures 4.6-a and b). In contrast, the number of Northern Star storage 
roots was significantly reduced by exposure to a short-term increase in RZT; with reductions of 
22% observed following exposure to 40°C, and of 44% following exposure to 50°C relative to the 
control (Figures 4.6-c). This decrease in the number of storage roots was observed at a whole plant 
level (i.e. both heated and control compartments produced lower numbers of storage roots), rather 
than just occurring in heated compartments. This was probably due to elevated RZTs altering other 
processes that affect storage root formation, thus impacting on the whole plant response. Previous 
studies have suggested that AGPase is one of the key enzymes regulating starch synthesis, which 
is closely associated with storage root formation in sweetpotato (Nakatani and Komeichi 1992). It 
has been reported that an inhibition of AGPase occurs at high RZTs due to a reduction of glycerate-
3-phosphate under high plant respiration (Geigenberger et al. 1998). Although, our knowledge of 
how changes in plant respiration regulate AGPase and starch metabolism at elevated RZT is 
inadequate to elucidate a regulation mechanism for sweetpotato storage root formation, there is a 
suggestion that AGPase may be either directly or indirectly linked to storage root formation in 
sweetpotato through cell proliferation (Kim et al. 2002). 
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Storage root dry-biomass accumulation 
 
In addition to storage root formation, increasing RZT also adversely affected the dry-biomass 
accumulation of sweetpotato storage roots on a whole plant level (i.e. both heated and control 
compartments produced lower dry-biomass of storage roots). Total Beauregard storage root dry-
biomass was significantly reduced by a constant elevated RZT (Figure 4.8-a), although little 
change was observed in response to short-term elevations (Figure 4.8-b). For Northern Star, short-
term elevations in RZT produced a marked reduction in total storage root dry-biomass at 50°C 
(Figure 4.8-c). When differences in storage root dry-biomass between heated and control 
compartments were examined, however, some positive rather than negative effects in response to 
increased temperatures were observed. For Beauregard, storage root dry-biomass was observed to 
increase following exposure to 30°C relative to control compartments (Figure 4.7-c), while 
Northern Star plants produced significantly more roots in heated compartments exposed to 40°C 
(Figure 4.7-e). However, even if these were true (and repeatable) increases in storage root dry-
biomass in response to temperature increases, it would be difficult for a farmer to exploit this to 
increase sweetpotato yield when the only means of increasing RZT is the relatively uncontrolled 
breakdown organic matter added to the planting mound since other factors may involve with the 
breakdown of organic matter i.e. environmental conditions. Furthermore, the development of 
plants on PNG soil mound need to take into consideration.  
 
Adverse effects of high RZT on dry-biomass accumulation in storage roots have also been 
observed by Hasegawa and Yahiro (1957), who reported that a RZT of over 30°C inhibited 
photoassimilate allocation to storage roots, and subsequently reduced sweetpotato yield.  
Correspondingly, Spence and Humphries (1972) found that the accumulation of storage root dry-
biomass was reduced by up to 14 times if RZT was increased from 25°C to 35°C. Similar adverse 
responses have been reported for other crops.  For example, studies of peanut (Arachis hypogaea) 
plants have shown that increasing temperature in the podding zone to over 35°C significantly 
reduced the number of mature pods and seed yields (Dreyer et al. 1981; Vara Prasad et al. 2000). 
At high RZTs (40°C) photosynthetic pigments and stomatal conductance can limit the 
photosynthetic activity of peanuts, resulting in low photoassimilate partitioning to sinks, and thus 
a reduction in crop yield (Awal et al. 2003). There is an imbalance between photosynthesis and 
respiration at high air temperatures, whereby the rate of photosynthesis decreases and respiration 
increases (Wahid et al. 2007). This could also be a recognized consequence of elevated RZTs. In 
potato, high RZT reduced tuber yields and size (Sato 1981) through the enrichment of 
photoassimilates partitioning in favour of aboveground biomass rather than tubers (Burton 1996). 
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Thus, the reduction of storage root dry-biomass observed in this study may also have been the 
result of a higher respiration rate at high RZTs. Stewart et al. (2000) reported that the respiration 
rate of sweetpotato storage roots at a temperature of 30°C was almost three times greater than that 
at a temperature of 20°C. Since respiration is a continuous catabolic process, storage roots may 
continuously lose transported photoassimilates under high temperatures, resulting in less 
photoassimilate accumulation, and smaller storage roots (Jensen 1960). It has also been reported 
that the soluble sugar content in roots increases when soil temperature is greater than the optimum 
for root growth. This has been observed in several plant species, including potato (Solanum 
tuberosum) (Sattelmacher et al. 1990c) and cucumber (Cucumis sativus) (Du and Tachibana 1994). 
This may indicate that altered metabolism of photoassimilates is also involved in the decreases in 
storage root biomass observed at elevated RZTs (Xu and Huang 2000).  
 
Fibrous root biomass 
 
For fibrous roots, a constant elevated RZT generally resulted in an increase in growth (Figures 
4.10-a). This is consistent with Pardales et al. (1999), who reported that the branching of the 
sweetpotato root system, and particularly the formation of the third order lateral roots, increased 
at RZTs of 40°C compared to 25°C. However, further increase in RZT resulted in the total dry-
biomass of fibrous roots being reduced significantly. The decrease observed by these authors may 
also have been associated with increases in root respiration and decreases in the distribution of 
photoassimilates to the root system (Sattelmacher et al. 1990c; Xu and Huang 2000) as discussed 
for storage roots. In contrast to constant elevated RZTs, the short-term increases in RZT were not 
observed to affect the total dry-biomass of fibrous roots (Figures 4.10-b and c). This is in contrast 
to Gladish and Rost (1993), who reported that, compared to control plants at 25°C, root growth 
rate of garden pea (Pisum sativum) was reduced that the root growth rate of garden pea (Pisum 
sativum) was reduced after temporarily increasing the RZT from 25 to 32°C. It is interesting to 
note that the effect of RZT on dry-biomass of fibrous roots is essentially opposite that of storage 
root dry-biomass, though it is unclear whether the increase in fibrous roots growth compensated 
for the inhibition of storage root dry-biomass production. 
 
Short-term versus constant RZT increase 
 
The different responses of plants to constant, versus short-term increase in RZT, is largely 
attributed to differences in the magnitude of temperature increase and the duration of exposure. 
This study showed that constant elevated RZTs produced a more pronounced inhibition of 
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Beauregard storage root growth than short-term increases (Figures 4.8-a and b). Plants were 
exposed to constant elevated RZT for 5 weeks, and this time period may have been sufficient to 
cause irreversible damage to the capacity of sweetpotato to produce storage root biomass. This is 
consistent with Wahid et al. (2007), who suggested that long-term exposure to moderately elevated 
temperatures can cause injury or death in plants, due to the alteration of process such as protein 
denaturation, and the inactivation of enzymes in chloroplast and mitochondria. In contrast, 
Beauregard that was exposed to a short-term increase in RZT for 2 weeks maintained biomass 
accumulation in storage roots across the RZT treatments. This may indicate that sweetpotato plants 
were able to adapt to the increases in temperature experienced. It has been reported by Iba (2002) 
that rapidly after plants are exposed to high temperatures, changes occur at a cellular level that 
lead to the synthesis of heat shock proteins. This is an important adaptive response that makes 
plant growth and development possible under temperature stress by maintaining or even improving 
physiological processes such as photosynthesis and photoassimilate partitioning (Camejo et al. 
2006; Momcilovic and Ristic 2007).  
 
Cultivar effects 
 
Different responses to RZT were also observed between the different sweetpotato cultivars. While 
the total number and dry-biomass of storage roots for Beauregard was not significantly affected 
by RZT (Figures 4.6-b and Figures 4.8-b), Northern Star showed a significant reduction in the 
number and dry biomass of storage roots when exposed to elevated RZT (Figures 4.6-c and Figures 
4.8-c). This implies that the RZT may have exceed the threshold temperature for adaptive 
strategies in Northern Star, and injuries of plant cells may have occurred even though the exposure 
period was short. Typically, plants have different mechanisms for surviving under elevated 
temperature, including long-term evolutionary phenological adaptations, or short-term avoidance 
or acclimation mechanisms (Wahid et al. 2007). The differences between the two cultivars 
evaluated in this study cannot be attributed specifically to differences in thermotolerance, but could 
also be partly related with the origin of plant cultivars and the area of adaptation (Paulsen 1994). 
The Northern Star cultivar originates form Laloki, PNG, where soil temperature ranges from 15°C 
to 22°C (Moody and Radcliffe 1986), hence Northern Star may respond best to low RZTs, and 
even the short-term increases in RZT in this study may have caused physiological damage and a 
reduction of storage root dry-biomass. Beauregard, on the other hand, is an improved cultivar 
developed by the Louisiana State University through systematic breeding from an ancestor in 
Central America (Smith et al. 2009). Since annual soil temperature in Louisiana state is 
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approximately 24°C at 10-20 cm (Hu and Feng 2003), Beauregard may better tolerate short-term 
higher RZTs.  
 
4.5 Conclusion 
 
This study was designed to test the hypothesis that a short-term increase in RZT would result in 
an increased storage root yield. However, the results from this study clearly do not support this 
hypothesis. Indeed, depending on the magnitude and duration of temperature elevation, storage 
root formation and growth may be adversely affected by elevated RZT. When exposed to 
continuously elevated temperature of 30°C or greater, Beauregard cultivar produced a reduced 
storage root dry-biomass, although the number of storage roots formed was not affected. A short-
term increase in RZT did not consistently affect the number and dry-biomass of storage roots 
produced by Beauregard in treated versus control compartments, though short-term exposure to 
30°C did produce a significantly greater storage root biomass. For Northern Star, both the total 
number and dry-biomass of storage roots were generally significantly reduced by exposure to 
elevated RZT. While the results of the experiment are inconsistent with other factors involving the 
mechanisms, it is clear that the crude manipulation of RZT that could be achieved through the 
breakdown of organic material added to soil mounds would adversely affect storage root yield of 
sweetpotato.  
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Chapter 5:  Growth and yield response of sweetpotato grown using either 
large mounds or flatbeds with plant residue or fertiliser addition 
 
Abstract 
 
In the highlands of Papua New Guinea (PNG), plant residues are commonly added to the soil 
mounds used for sweetpotato cultivation to offset production constraints due to the run-down of 
soil nutrients. However, the exact effect of this residue addition on sweetpotato growth and yield 
remains unclear. This study tested the effect of land preparation (mounds versus flatbeds), and soil 
fertility management (fertiliser versus lucerne addition) on the growth and yield of two 
sweetpotato cultivars (Beauregard and Northern Star) using a complete randomized block design 
with four replicates. The biomass accumulation of aboveground plant parts and storage roots were 
recorded at 4, 8, 12, and 18 weeks after planting (WAP). The results showed that while land 
preparation and cultivar did not affect yield, the final yield of sweetpotato with lucerne addition 
was 20% less than that in plants with fertiliser addition. This reduced yield was attributed to a 
reduction in plant absolute growth rates (AGR) and relative growth rates (RGR).  Plants grown on 
mounds with added lucerne also had a lower leaf area index (LAI) during 4 to 8 WAP. This poorer 
growth is attributed to have been due to either a mismatch in N supply, or an overall shortage of 
N, during that period of growth, which affected photoassimilate production and its allocation to 
sinks (i.e. new tissues and storage roots). In addition, root zone temperature (RZT) under the large 
mounds with lucerne addition tended to be greater than the other planting beds in the first 8 WAP. 
This may have changed storage root metabolism of photoassimilates by enhancing respiration, 
thus inhibiting dry-biomass accumulation. Despite similar storage root yields, Northern Star 
cultivars had a significantly greater LAI, AGR and RGR, resulting in greater aboveground and 
total plant dry-biomass and N accumulation.  
  
 
 
Key words: Ipomoea batatas, Medicago sativa, mound culture, decomposition 
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5.1. Introduction  
 
Sweetpotato (Ipomoea batatas L.) is an important food crop grown throughout PNG from sea level 
to 2,850 m altitude (Hughes et al. 2009). Since its adoption about 300 years ago, sweetpotato has 
become the sole staple food in the highland regions (Bourke and Ramakrishna 2009). In the 
western highlands provinces, sweetpotato is commonly cultivated using a large mound culture 
(Taraken and Ratsch 2009). This culture involves placing plant residues, such as dried sweetpotato 
vines, highlands pitpit (Setaria palmifolia) and garden debris, into the centre or on the surface of 
soil mounds, and then covering these residues with loose soil before planting sweetpotato (Sillitoe 
1996). The estimated amount of plant residues incorporated in the mounds varies, ranging from 5 
to 40 t ha-1 depending on the labour force and the availability of plant residues (Bourke and Allen 
2009; Floyd et al. 1988; Thurston et al. 1994).  
 
The use of large mounds could enhance the growth and yield of sweetpotato if the decomposition 
of plant residues acts as a supply of N for plant growth (Leng 1982a; Leng 1982b; Sillitoe 1996). 
Soil often has low plant available-N compared to plant requirements, and the release of N during 
decomposition can act as the main source of N in the absence of mineral N fertiliser addition 
(Cayuela et al. 2009). It has been reported that the application of plant residues to soil and/or the 
incorporation of cover crops into crop rotations, can significantly increase the rate of N release 
from decomposition, and improve crop yield (Kumar and Goh 2002; Thippayarugs et al. 2008; 
Treadwell et al. 2008). One study conducted on the large mound culture in the Southern Highland 
province of PNG, for example, showed that the marketable yields of sweetpotato in eight soil types 
increased by up to 400% when the rate of plant residue addition (paddle grass; Ischaemum 
polystachyum) was increase from 0 to 100 t fresh weight ha-1 (Floyd et al. 1988). Similar studies 
in the PNG highlands have found that the average yield of sweetpotato was 50% greater in the 
mounds where plant residues had been incorporated compared to those without residues (Bourke 
and Ramakrishna 2009; Hughes et al. 2009). The larger yields observed following the addition of 
residues are often attributed to the slow release of N during residue decomposition (Taraken and 
Ratsch 2009). If this is correct, the available N after decomposition of the residues could be the 
main factor regulating the sweetpotato yield of plants grown on the mounds, although the rate of 
this N release is difficult to predict as this will vary depending on environmental conditions 
(Cabrera et al. 2005).  
 
In addition to changes in N supply, the increase in RZT that occurs during residue decomposition 
could also affect the growth and yield of sweetpotato on the large mounds. Typically, 
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decomposition of plant residues under managed conditions (i.e. suitable soil water and aeration) 
generates heat, resulting in an increase in soil temperature (Insam et al. 2010). Örlander (1986) 
reported that the temperature in the small mounds (15 cm in height) amended with plant residues 
was approximately 10°C greater than untreated soil during the day time in the summer. Although 
there have been no studies exploring the magnitude and longevity of increased RZT in large 
mounds, it has been suggested that elevated RZT in these mounds could benefit storage root 
production of sweetpotato (Taraken and Ratsch 2009). It has been well established that elevated 
RZT directly affects establishing plant root systems (Kaspar and Bland 1992), uptake and transport 
of water and nutrients (Engels et al. 1992; Wien et al. 1993), stomatal conductance and 
photosynthesis (Hurewitz and Janes 1983), biomass partitioning (DeLucia et al. 1992; Engels 
1994) and shoot growth (Sakamoto and Suzuki 2015) - although different plant species may differ 
in their response. In sweetpotato, elevated RZT to over the optimum range has been observed to 
inhibit the number and dry-biomass of storage roots, and subsequently reduce yield (Chapter 4; 
Eguchi 2000; Spence and Humphries 1972; Ueki and Sasaki 1987). However, a detailed 
understanding of the effects of RZT on sweetpotato plants grown on large mound cultures is 
currently lacking.  
 
Large mounds have been promoted as a cultivation technique that is capable of offsetting 
production constraints, such as nutrient deficiencies, in PNG. While a number of studies have 
examined sweetpotato growth and yield under conventional management (Ankumah et al. 2003; 
Hartemink et al. 2000a; Phillips et al. 2005; Villagarcia 1996), there has been limited work to 
examine how residue decomposition in large mounds affects sweetpotato growth and yield. 
Because of this, the underlying mechanism responsible for increasing the yield of plants grown on 
large mounds remains unclear. The objective of this study was thus to assess the effect of 
conditions in the large mounds on the growth and yield of sweetpotato, compared to conventional 
management. It was hypothesized that sweetpotato grown on the large mounds would produce 
similar, or even greater, yields than sweetpotato grown using conventional flatbed techniques with 
fertiliser addition.  
 
5.2 Materials and Methods  
 
5.2.1 Site description 
 
A field experiment was conducted at the crop research unit, the University of Queensland: Gatton 
campus, Queensland, Australia, (Lat. 27˚33ˊS, Long. 152˚20ˊE) during the cropping season of 
August 2015 to February 2016. This site experiences a sub-humid and subtropical climate, with 
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hot summers and short mild winter based on the Köppen classification (Powell et al. 2002). It 
experiences a mean annual rainfall of 770 mm, with approximately 60% of this rain occuring 
between August and February. The mean daily maximum and minimum temperatures during this 
period are 27°C, and 13°C respectively (Australian Bureau of Meteorology 2016). During the 
study period, the site experienced an average daily solar radiation of 22.4 MJ m-2 d-1, average daily 
relative humidity of 70.3%, and an average daily minimum and maximum termperature of 18.5°C 
and 28.4°C respectively (Figure 5.1).  
  
Figure 5.1 Graph showing (a) the daily incident solar radiation (wavelength of 0.38-1.12 µm) and 
relative humidity; and (b) the minimum and maximum atmospheric temperature observed during 
the study period.  
 
The soil at the experimental site was a Melanic, Eutrophic, Black, Dermosol (Isbell 2016), with a 
dark clay loam to light clay texture, and a neutral structured subsoil. Soil core samples (12.5 cm 
in diameter) of the surface (0-20 cm) and subsoil (20-50 cm) were collected prior to study 
commencement to allow chemical characterisation (Table 5.1). Previously lucerne (Medicago 
sativa), rotated with lablab (Lablab purpureus) every 3 to 4 years, had been grown on site. 
However, pasture had been removed and the site left unplanted for several months prior to the 
commencement of the trial. 
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Table 5.1 Soil test results (0 to 20 and 20 to 50 cm soil depth) of the field experimental site. 
 
Soil parameters 0-20 cm 20-50 cm 
pHa  6.9 7.2 
ECa (dS m-1) 0.2 0.1 
Organic C (%)b 4.4 4.2 
N (as NO3-N mg kg
-1)c 26.6 10.4 
P (mg kg-1) d  29.3 19.3 
SO4-S (mg kg
-1)e 32.0 16.7 
CEC (cmolc kg
-1)f 23.3 23.0 
Ca (cmolc kg
-1)f 12.4 12.1 
Mg (cmolc kg
-1) f 9.7 9.8 
Na (cmolc kg
-1) f 0.6 0.6 
K (cmolc kg
-1) f 0.7 0.5 
Cu (mg kg-1)g 0.7 0.7 
.7 Zn (mg kg
-1)g 1.0 0.9 
Mn (mg kg-1)g 16.4 15.5 
Fe (mg kg-1)g 33.3 26.7 
B (mg kg-1)h  0.6 0.4 
Bulk density (g cm-3) 1.6 1.6 
a measured at 1:5 (soil : water suspension) 
b Walkley & Black 
c Water-soluble nitrate-N – automated colour 
d Colwell bicarbonate test  
e Monocalcium phosphate  
f Exchangeable bases and CEC – 1 M ammonium acetate 
g DTPA-extractable Cu, Zn, Mn and Fe 
h 0.01 M Calcium chloride  
 
5.2.2 The experimental setup  
 
The effect of land preparation (flatbed versus large mounds), soil fertility management (residue 
addition versus mineral fertiliser application), and sweetpotato cultivar (Beauregard versus 
Northern Star) was examined using a 2x2x2 factorial combination arranged in a randomized 
complete block design with four replications. Flatbeds were used to represent the methods used in 
commercial sweetpotato cultivation in Australia and USA (Smith et al. 2009), and the large 
mounds to represent the traditional sweetpotato cultivation methods of the highlands of PNG 
(Taraken and Ratsch 2009). To examine the effect of soil fertility management, lucerne (C/N ratio 
of 15) was added at a rate of approximately 50 t ha-1 (estimated from 40 kg of lucerne mound-1 of 
a total of 1250 mounds h-1 for planting approximately 32,500 plants). The estimated N rate of 
applied lucerne was 1000 kg N ha-1; this value was based on nutrient composition analysis of 
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lucerne samples. This lucerne addition plot was then compared with the addition of mineral-N 
fertiliser (Entec Nitrophoska special®) at a rate of 150 kg N ha-1 (0.12 kg N/ plot). Two sweetpotato 
cultivars, Beauregard and Northern Star, were examined. The Beauregard cultivar was selected 
because it is the most commonly grown cultivar in Australia (94% of total production); while 
Northern star is the second most commonly grown cultivar in Australia (5% of total production) 
and originated in Laloki, PNG (Wolfenden et al. 2014). 
 
Experimental setup of treatment combinations for land preparation and soil fertility management 
 
The study area was first ploughed and then tilled with a ripper using a tractor in early September 
2015 (Table 5.2). The area was then divided into four blocks and each block was then separated 
into eight plots, with two different plot sizes (four plots for each size). A size of 3 m wide and 4 
m long was prepared for flatbeds, while mounds required a larger  space of 6 m wide and 4 m long 
to allow  mound construction by gathering and mounding loose top soil.  
 
 Flatbeds amended with fertiliser - plots (3 m wide and 4 m long) were tilled using a rotary hoe 
before 50% of the mineral fertiliser to be applied (equivalent to 75 kg N ha-1) was hand spread, 
with the remaining 50% applied 4 weeks after planting (WAP).  
 Flatbeds amended with lucerne - 40 kg of dried lucerne (equivalent to 50 t ha-1) was laid on 
the soil surface and a rotary hoe used to incorporate material into the soil.  
 Mounds amended with fertiliser – the top soil of each plot (6 m wide and 4 m long) was 
gathered and piled up using a back hoe, making a mound 4 m long and 1.6 m (base) to 1.2 m 
(top) wide (Figure 5.2). Then, 50% of the mineral fertiliser to be applied (equivalent to 75 kg 
N ha-1) was hand spread, with the remaining 50% applied 4 weeks after planting (WAP).  
 Mounds amended with lucerne - 40 kg of lucerne (equivalent to 50 t ha-1) was placed in a long-
shaped pile in the centre of each mound (prepared as described above) (Figure 5.2). The top 
soil surrounding the lucerne pile was then gathered using a back hoe and used to cover the pile 
of lucerne with approximately 30 to 40 cm of soil. Mounds to which lucerne was added were 
identical in size to the mounds with fertiliser addition.  
 
Each plot consisted of two rows with a row spacing of 1 m and 4 m long. Beauregard vine cuttings 
were then planted into 4 plots as well as Northern Star with plant spacing of 0.3 m apart along the 
row. The number of plants in each cultivar per row equalled to 13 and in total per plot was 26 
plants. The outer 2 plants, in total of 4, at each end of the plot were borders and the inner plants 
were used for sequential harvesting and yield estimates. 
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Table 5.2 Dates of cultural practices related to land and treatment management 
 
Activities Date of agronomic practices 
Clearing the land  Late August 
First tillage 3 September 2015 
Second tillage 9 September 2015 
Incorporation of lucerne into the flatbeds and the mounds  15-16 September 2015 
Application of mineral fertiliser to flatbeds 15 September 2015 
        and mounds (First application; 75 kg N ha-1)  
Sweetpotato planting 18 September 2015 
Application of mineral fertiliser into flatbeds 15 October 2015 
        and mounds (Second application; 75 kg N ha-1)  
Harvest 30 January-5 February 
2016  
 
 
Figure 5.2 A schematic diagram of (a) the large mounds amended with 40 kg of lucerne, (b) the 
large mounds amended with fertiliser and (c) the spacing of sweetpotato planted on the mounds 
 
Immediately after planting, the area was irrigated with approximately 50 mm of water using an 
overhead irrigation system. Thereafter, the site was irrigated twice a week with between 30 to 50 
mm of water, unless there was precipitation. When precipitation occurred, the site was only 
irrigated once a week, or not at all if there had been sufficient rainfall. The RZT at 10 cm (where 
storage roots occurred) was recorded hourly in each plot throughout the study period using 
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temperature sensors (5TM, Decagon Devices, Inc., Pullman, WA, USA) and data loggers (EM50, 
Decagon Devices, Inc., Pullman, WA, USA).  
 
Lucerne decomposition rate 
A litterbag study was used to determine the decomposition rate of lucerne material added to the 
large mounds.  For each litterbag, a 5 g sample of lucerne was placed in 10 cm x 10 cm nylon 
mesh bag (1 mm aperture), before being placed on the edge of the residue piles at a soil depth of  
approximately 20 to 30 cm.  A total of 24 bags were placed randomly into each plot, with sampling 
and analysis carried out as described below in section 5.2.3.  
 
5.2.3 Data collection  
 
5.2.3.1 Lucerne decomposition and soil sampling 
 
Four litterbags were removed from the mounds at 2, 4, 6, 8, 12, and 18 WAP. The material in 
litterbags was manually cleaned with deionized water before being oven-dried at 60°C for 72 
hours. After drying the plant material was weighed and ground to pass a 50 μm sieve, and total N 
and C concentration measured using a LECO Truspec CHN analyser (LECO Australia Pty Ltd, 
Castle Hill, NSW). 
 
Eight soil samples were collected in each combination for land preparation and soil fertility 
management to a depth of 20 cm at 4, 8, 12, and 18 WAP. Soil samples were oven-dried at 40°C 
for 96 hours and then ground to pass through a 2 mm sieve. Mineral N (NO3
--N and NH4
+-N) was 
extracted by shaking soil with 2M KCl (1:10 soil to solution ratio) for 1 hour, followed by 
centrifugation at 3000 rpm for 5 minutes and filtration using a GF/B glass fibre filter. All extracts 
were analysed with colorimetric methods by flow injection analysis (Page et al. 1982). 
 
5.2.3.2 Sweetpotato vine biomass and storage root yield 
 
Plant samples were collected from each plot at 4, 8, 12, and 18 WAP. At each sampling date two 
plants were manually dug from the plot, their aboveground parts separated into leaves and stem-
plus-petioles, and the fresh weight of each part recorded. Total leaf area was also measured using 
a leaf area meter (Li-3100C, LI-COR, Lincoln, NE, USA). The number of storage roots formed 
was visually assessed, with roots > 0.5 cm in diameter considered to be storage roots.  The fresh 
weight of storage roots was then recorded before all plant parts were oven-dried at 65°C for 72 
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hours and re-weighed to determine dry biomass. At the final harvest date (18 WAP), 10 plants 
from each treatment were manually harvested. Two plants were analysed as previously described, 
while the remaining eight were graded according to a retail market specification into small (length 
of <180 mm and/or diameter of 50-60 mm), medium (length of 180-250 mm and/or diameter of 
60-75 mm), and large roots (length of >250 mm and/or diameter of >75 mm) (Wolfenden et al. 
2014). The number of storage roots in each category were counted, and their fresh weight recorded, 
before a sub-sample of root material from the medium size grade was sliced into smaller pieces 
and dried to determine dry-biomass (as described previously) and for chemical analysis. All dry 
samples of plant material were ground to pass through a 50 μm mesh sieve for tissue N analysis 
using a LECO Truspec CHN analyser (LECO Australia Pty Ltd, Castle Hill, NSW). The N 
concentration and dry biomass was then used to determine the total N content of each plant part.  
The N accumulation in the whole plant was also estimated by adding the N content of each plant 
part.  However, it should be noted that fibrous roots were not included in these calculations, as 
these were too difficult to excavate, particularly at the final harvest date.  
 
5.2.3.3 Estimation of growth indices   
 
The leaf area, and the dry-biomass of leaves, stems, and storage roots at each sampling time were 
used to estimate the absolute growth rate (AGR), relative growth rate (RGR), leaf area index (LAI), 
and harvest index (HI) for plants. These were estimated using the following equations from 
Radford (1967) and Beadle (1985).  
 
Absolute growth rate (g d-1) was estimated as an increment of total dry-biomass accumulation per 
unit of time; 
𝐴𝐺𝑅 =  ∆𝐷𝑀/∆𝑇      [e.q. 5.1] 
where DM is dry-biomass (g), T is the unit of time in days.  
 
Relative growth rate was estimated as an increment of dry-biomass accumulation per unit of 
existing dry-biomass corresponding to a time of sampling; 
𝑅𝐺𝑅 = (
1
𝐷𝑀
) ∗ (
∆𝐷𝑀
∆𝑇
)      [e.q. 5.2] 
 
Leaf area index was estimated as a ratio of leaf area to the unit of planting area;  
𝐿𝐴𝐼 =  𝐿𝐴/𝑃𝐴      [e.q. 5.3] 
where LA is leaf area (m2) and PA is planting area (m2).  
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Harvest index was estimated as a ratio of the economic yield to the total dry-biomass; 
𝐻𝐼 =  𝑌/𝐷𝑀       [e.q. 5.4] 
where Y is economic yield (t) and DM is total plant dry-biomass (t). 
 
5.2.4 Statistical analysis 
 
Sweetpotato growth characteristics, including aboveground biomass, storage root yield 
production, growth rate indices, and the N content in plant parts, were analysed using analysis of 
variance (ANOVA) for a 3-factor factor RCBD using Minitab v17 (Minitab Inc, State College, 
PA, USA). The significance of main effects and interactions was identified at p<0.05.  
 
5.3 Results  
 
5.3.1 Diurnal and seasonal root zone temperature  
 
Each day, RZTs generally began to increase from sunrise (around 05:00 to 06:00 h), and peaked 
around 13:00 to 14:00 h (Figure 5.3-a and -b). Diurnal temperatures inside mounds amended with 
lucerne were markedly greater than the other treatments at 27 to 29 DAP, with no significant 
differences observed between the remaining treatments (Figure 5.3a). At 59 to 61 DAP, RZTs in 
the mounds amended with lucerne were still elevated in comparison with the other treatments, 
although the temperatures in the mounds amended with fertiliser had also begun to increase 
relative to the flatbed treatments (Figure 5.3b).  
 
When temperature changes across the entire study period were considered, it could be seen that at 
approximately 20 to 30 DAP RZTs began to increase in all treatments (Figure 5.3-c). However, 
the mounds amended with lucerne saw the greatest increase in RZT, with this soil being up to 8ºC 
higher than that observed in the other treatments. Temperatures in the mounds amended with 
lucerne peaked around 35 to 40ºC in the second month after planting, before declining to levels 
similar to those observed in the other treatments until the end of the study period.   
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Figure 5.3 Root zone temperature at 10 cm in flatbeds amended with fertiliser, flatbeds amended 
with lucerne, mounds amended with fertiliser and mounds amended with lucerne at (a) 27 to 29 
days after planting, (b) 59 to 61 days after planting; and (c) throughout the trial (0 to 150 days after 
planting). 
 
5.3.2 Storage root yield of sweetpotato  
 
Land preparation did not significantly affect the total or marketable yield of sweetpotato, which 
ranged from 58 to 63 t ha-1 for total yield and from 46 to 52 t ha-1 for marketable yield (Figure 5.4-
a). However, soil fertility management did significantly affect both types of yield (Figure 5.4-b). 
Application of mineral fertiliser increased total yield by 19% and marketable yield by 20% when 
compared to plants grown with lucerne addition. The use of different cultivars did not significantly 
affect total or marketable yield, which ranged from 60 to 61 t ha-1 for total yield and from 47 to 51 
t ha-1 for marketable yield (Figure 5.4-c). There were no significant two-way or three-way 
interactions among land preparation, soil fertility management and cultivars (Appendix Table D1). 
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Figure 5.4 Total and marketable yield of sweetpotato in response to (a) land preparation (flatbeds 
versus mounds); (b) soil fertility management (fertiliser versus lucerne); and (c) cultivars 
(Beauregard versus Northern Star). Differences between treatments in each factor are indicated by 
* at p<0.05. Vertical bars indicate standard deviation of the four replicates of the total and 
marketable yield of storage roots. 
 
5.3.3 The number of storage roots per plant 
 
Soil fertility management and the cultivar grown did not significantly affect the number of total or 
marketable storage roots produced (Figure 5.5-b and c). Similarly, the total number of storage 
roots was not influenced by land preparation, although, the marketable number of roots produced 
by plants grown using flatbeds was by 13% greater than those grown using mounds (Figure 5.5-
a).  Although two and three-way interactions among factors for the total number of storage roots 
produced were not observed, there was a two-way interaction between soil fertility management 
and cultivar for the number of marketable roots (Appendix Table D1), with Northern Star grown 
under lucerne addition producing the lowest number of storage roots compared to other 
combinations of soil fertility management and cultivar.  
 
 
Figure 5.5 The total and marketable number of storage roots per sweetpotato plant in response to 
(a) land preparation (flatbeds versus mounds); (b) soil fertility management (fertiliser versus 
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lucerne); and (c) cultivars (Beauregard versus Northern Star). Differences between treatments 
within a factor are indicated by * at p<0.05. Vertical bars indicate standard deviation of the four 
replicates of the total and marketable number of storage roots. 
 
5.3.4 Dry-biomass accumulation and growth analysis  
 
The accumulation of aboveground dry-biomass, storage root dry-biomass and total dry-biomass 
increased continually in sweetpotato plants throughout growing period (Figure 5.6). Land 
preparation significantly affected the biomass of sweetpotato at 4 WAP, with plants grown on the 
flatbeds having significantly greater aboveground and total biomass compared to plants grown on 
the mounds (Figure 5.6-a and c). However, from 8 WAP onward, land preparation did not affect 
any measure of biomass.  
 
Soil fertility management did not significantly affect the aboveground biomass of sweetpotato 
plants at any time (Figure 5.6-d).  However, at 8 and 12 WAP the total dry biomass of plants grown 
with fertiliser addition was greater than those grown using lucerne (Figure 5.6-f).  By 12 and 18 
WAP this effect was also observed for storage root dry-biomass, and at 18 WAP dry root 
production approximately 20% greater in plants supplied with fertiliser compared to plants grown 
using lucerne (Figure 5.6-e).   
 
Cultivar had a significant effect on biomass accumulation, with Northern Star plants accumulating 
almost 2 times more aboveground and total dry-biomass than Beauregard by the end of the study 
period (Figure 5.6-g and i). Storage root production was similar for the two cultivars, however, 
although Beauregard plants did have greater storage root biomass during the 12 WAP sampling 
period (Figure 5.6-h).  
 
A significant two-way interaction between land preparation and soil fertility management was 
observed at 8 WAP, with the aboveground, storage root and total dry-biomass per sweetpotato 
plants grown on the mounds with lucerne addition lower than other treatments (Appendix Table 
D2). In addition, a significant interaction between soil fertility management and cultivar was 
observed for storage root dry-biomass at 12 WAP, with Northern Star plants grown with lucerne 
addition having the lowest storage root dry-biomass of all treatments.  
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Figure 5.6 The accumulation of aboveground, storage root, and total dry biomass per sweetpotato 
plant in response to: (a, b and c) land preparation (flatbeds versus mounds); (d, e and f) soil fertility 
management (fertiliser versus lucerne); and (g, h and i) cultivar (Beauregard versus Northern Star). 
Differences between treatments within a factor in each sampling date are indicated by * at p<0.05. 
Vertical bars indicate standard deviation of the four replicates of the accumulation of aboveground, 
storage root, and total dry biomass of sweetpotato. 
 
5.3.4.1 Leaf area index (LAI)  
  
Neither land preparation nor soil fertility management had any effect on LAI throughout the study 
period (Figure 5.7-a and b). However, there was an interaction between land preparation and soil 
fertility at 8 WAP, with sweetpotato grown on the mounds with lucerne addition having a 
significantly lower LAI than other treatment combinations (Appendix Table D3).  In addition, a 
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strong cultivar effect was observed, with Northern Star sweetpotato plants having a LAI that was 
approximately double that of Beauregard at all sampling times (Figure 5.7-c).  
 
 
Figure 5.7 Leaf area index (LAI) of sweetpotato in response to (a) land preparation (flatbeds 
versus mounds); (b) soil fertility management (fertiliser versus lucerne); and (c) cultivar 
(Beauregard versus Northern Star). Differences between treatments within a factor in each 
sampling date are indicated by * at p<0.05. Vertical bars indicate standard deviation of the four 
replicates of the LAI of sweetpotato. 
 
5.3.4.2 Absolute growth rate (AGR) 
 
The aboveground and total biomass AGR for plants grown on flatbeds was significantly greater 
than plants grown on mounds at 4 WAP (Figure 5.8-a and c). However, from 8 WAP onward, land 
preparation did not affect the AGR of sweetpotato plants (Figure 5.8-a, b and c). Soil fertility 
management significantly affected the AGR of aboveground, storage root, and total sweetpotato 
biomass at 8 WAP, where these attributes were up to 31% greater for plants grown using fertiliser 
compared to lucerne addition (Figure 5.8-d, e and f). However, no significant differences were 
observed for soil fertility management at any other time.  Cultivar also significantly affected the 
AGR, with Northern Star plants consistently having a greater aboveground and total plant biomass 
AGR compared to Beauregard plants (Figure 5.8-g and i).  At 18 WAP, the AGR of Northern Star 
aboveground and total plant parts was 102% and 126% greater than Beauregard plants respectively 
(Figure 5.8-g and i). Cultivar also affected the AGR of storage roots, although this effect was 
inconsistent.  At 12 WAP, the AGR of storage roots was significantly greater for Beauregard 
compared to Northern Star plants, while at 18 WAP this effect was reversed, with Northern Star 
storage roots having a significantly greater AGR than Beauregard roots (Figure 5.8-h). There was 
also an interaction between land preparation and soil fertility at 8 WAP, where the AGR of 
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aboveground, storage root, and total plant biomass grown on mounds amended with lucerne was 
significantly lower than all other treatment combinations (Appendix Table D4).  
 
 
 
Figure 5. 8 Absolute growth rate (AGR) of aboveground, storage root and total plant biomass in 
response to: (a, b and c) land preparation (flatbeds versus mounds); (d, e and f) soil fertility 
management (fertiliser versus lucerne); and (g, h and i) cultivar (Beauregard versus Northern Star). 
Differences between treatments within a factor in each sampling date are indicated by * at p<0.05. 
Vertical bars indicate standard deviation of the four replicates of the AGR of aboveground, storage 
root, and total dry biomass of sweetpotato. 
 
5.3.4.3 Relative growth rate (RGR) 
 
Land preparation significantly affected the RGR of sweetpotato at 4 WAP, with the aboveground 
and total biomass of plants grown on the flatbeds having up to a 22% greater RGR than plants 
grown on the mounds (Figure 5.9-a, and c). However, from 8 WAP onward, there was no 
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significant effect of land preparation on the RGR of any plant part (Figure 5.9-1, b and c). In 
general, the RGR of aboveground and total plant biomass was greatest at the beginning of the 
study period, and then declined until the final harvest date.  The RGR of storage roots, however, 
peaked at around 0.91 g g-1 dry-biomass day-1 at 8 WAP, before declining over time. 
 
Soil fertility management did not significantly affect the RGR of plants at 4 WAP (Figure 5.9-d, e 
and f). However, at 8 WAP the RGR of plants grown with fertiliser addition was 21% greater for 
aboveground parts, 37% greater for storage roots, and 24% greater for total plant biomass 
compared to plants grown with lucerne addition. From 12 WAP onward there were no significant 
soil fertility management effects.  
 
Cultivar also significantly affected RGRs, with the RGR of aboveground and total plant biomass 
being approximately 50% greater for Northern Star compared to Beauregard plants at 4 and 8 
WAP (Figure 5.9-g, and i). There was no measurable effect of cultivar on the RGR of any plant 
part at 12 WAP, however, at 18 WAP the RGR of the storage root biomass for Northern Star plants 
was approximately double that of Beauregard (Figure 5.9-g, h and i). No significant two or three-
way interactions were observed (Appendix Table D5). 
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Figure 5.9 Relative growth rate (RGR) of sweetpotato aboveground, storage root and total plant 
biomass in response to: (a, b and c) land preparation (flatbeds versus mounds); (d, e and f) soil 
fertility management (fertiliser versus lucerne); and (g, h and i) cultivar (Beauregard versus 
Northern Star). Differences between treatments within a factor in each sampling date are indicated 
by * at p<0.05. Vertical bars indicate standard deviation of the four replicates of the RGR of 
aboveground, storage root, and total dry biomass of sweetpotato. 
 
5.3.4.4 Harvest index (HI)  
 
Land preparation did not significantly affect the HI of sweetpotato (Figure 5.10-a). However, an 
effect was observed for soil fertility management, with plants grown with added fertiliser having 
a significantly greater HI than plants grown with lucerne (Figure 5.10-b). A strong effect was also 
observed for cultivar, with Beauregard plants having approximately double the HI of Northern 
Star plants (Figure 5.10-c). No two or three-way interactions were observed (Appendix Table D3). 
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Figure 5.10 Harvest index (HI) of sweetpotato in response to: (a) land preparation (flatbeds versus 
mounds); (b) soil fertility management (fertiliser versus lucerne); and (c) cultivar (Beauregard 
versus Northern Star). Differences between treatments within a factor are indicated by * at p<0.05. 
Vertical bars indicate standard deviation of the four replicates of the HI of sweetpotato. 
 
5.3.5 Nitrogen concentration and content in plant parts at final harvest 
 
Land preparation, soil fertility management, and cultivar had no effect on storage root N 
concentration (Figure 5.11-a b and c). However, land preparation and soil fertility management 
did significantly affect leaf N concentration (Figure 5.11-a and b). Sweetpotato grown on mounds 
had a greater leaf N concentration than sweetpotato grown on flatbeds (Figure 5.11-a), and 
sweetpotato grown with lucerne addition had a greater leaf N concentration than sweetpotato 
grown using fertiliser (Figure 5.11-b). Cultivar had no significant effect on leaf N concentration 
(Figure 5.11-c), and there were no significant two or three-way interactions (Appendix D6). 
 
Figure 5.11 Leaf and storage root nitrogen concentration in response to: (a) land preparation 
(flatbeds versus mounds) (b) soil fertility management (fertiliser versus lucerne); and (c) cultivar 
(Beauregard versus Northern Star). Differences between treatments within a factor are indicated 
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by * at p<0.05. Vertical bars indicate standard deviation of the four replicates of the N 
concentration of leaf and storage roots of sweetpotato. 
 
Land preparation and soil fertility management had no effect on the total N content of either the 
aboveground biomass or storage roots in sweetpotato plants (Figure 5.12-a and b). However, these 
parameters did vary significantly between cultivars, with Northern Star plants accumulating two 
times more N than Beauregard. The greatest difference was observed for aboveground biomass, 
which was 360 kg N ha-1 greater in Northern Star compared to Beauregard plants.  Northern Star 
plants also had greater storage root N, although this was only 15 kg N ha-1 greater than for 
Beauregard (Figure 5.12-c). 
 
 
Figure 5.12 Total N content of aboveground biomass and storage roots in response to: (a) land 
preparation (flatbeds versus mounds) (b) soil fertility management (fertiliser versus lucerne); and 
(c) cultivar (Beauregard versus Northern Star). Differences between treatments within a factor are 
indicated by * at p<0.05. Vertical bars indicate standard deviation of the four replicates of the total 
N content of sweetpotato. 
 
5.3.6 Soil NO3-N  
 
Land preparation and soil fertility management did not significantly affect soil mineral N 
concentration (i.e. NO3
- N) in the 0 to 20 cm soil layer on any individual sampling date (Figure 
5.13a). A repeated measure ANOVA determined that soil NO3
- differed significantly between 
sampling dates (p < 0.002). There were no statistically significant differences in NO3
- between 4 
and 12 WAP (range between 32.2 and 36.8 mg/kg), however by 18 WAP NO3
- was significantly 
lower than previous sampling dates (22.8 mg/kg) (Figure 5.13b; Table D7). 
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Figure 5.13 Exchangeable soil NO3
- N (mg kg-1) in response to (a) treatment combinations for 
land preparation and soil fertility management (the flatbeds with fertiliser addition, flatbeds with 
lucerne addition, mounds with fertiliser addition and mounds with lucerne addition) and (b) 
progress time at 4, 8, 12 and 18 WAP in the top 0-20 cm. LSD (p<0.05) between time after planting 
means for the estimated of marginal means of soil NO3
- N with time trends. Vertical bars indicate 
standard deviation of the four replicates of soil NO3
- N. 
 
Lucerne Decomposition 
 
By 18 WAP, the biomass collected from litterbag samples had decreased to 39% of their initial 
weight (Figure 5.14-a). Total organic carbon in litterbag samples increased from 40% at the 
beginning of the study to 45% at 6 WAP, before decreasing to 31% at 18 WAP. Total organic N 
increased from 2.8 to 3.2 at 2 WAP, and then decreased to 2.2% at 18 WAP. The C/N ratio of 
lucerne material fluctuated throughout the study period, starting at 15, but then decreasing to 12.6 
at 2 WAP, increasing to 16.7 at 8 WAP, before decreasing to 12.5 at 12 WAP and then increasing 
slightly to 14.3 at 18 WAP. 
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Figure 5.14 Mean values of (a) the C/N ratio and biomass remaining (%); and (b) the organic-C 
and N (%) content, of lucerne samples removed from litterbags at 0-18 WAP. Vertical bars indicate 
standard deviation of the four replicates of C/N ratio, biomass remaining the organic-C and N (%) 
content. 
 
5.3.7 Nitrogen balance  
 
When the nitrogen balance for all treatment combinations are examined, it can be seen that a 
positive balance only occurred in those plots that received lucerne (Table 5.4). Beauregard plants 
grown with fertiliser addition accumulated 286 to 290 kg-N ha-1 over the growing season, with 150 
kg N ha-1 supplied from fertiliser addition and the rest from soil mineralised N. Beauregard plants 
grown with lucerne addition, however, accumulated 330 to 332 kg ha-1, with all of this potentially 
supplied by the decomposing lucerne. Similarly, for Northern Star plants, the N accumulation of 
plants grown with fertiliser addition was 700 to 713 kg ha-1, with up to 150 kg N ha-1 supplied 
from fertiliser, and the rest from soil mineralised N. The N uptake of plants grown with lucerne 
addition was 608 to 657 kg ha-1, all of which could have potentially been supplied by the 
decomposing lucerne. 
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Table 5.3 A simple N balance for Beauregard and Northern Star plants grown in either flatbeds 
amended with fertiliser, flatbeds amended with lucerne, mounds amended with fertiliser or mounds 
amended with lucerne. 
 
Parameters Flatbeds + 
fertiliser 
Flatbeds + 
Lucerne  
Mound + 
fertiliser 
Mound + 
Lucerne  
Beauregard     
N input (kg ha-1) 150 1000 150 1000 
Fertiliser 150 - 150 - 
Lucerne  - 1000 - 1000 
N uptake (kg ha-1) 290 286 332 330 
Aboveground biomass 167 161 229 226 
Belowground biomass 123 125 103 104 
N balance = N input – N 
uptake 
-140 714 -182 670 
Northern Star     
N input (kg ha-1) 150 1000 150 1000 
Fertiliser 150 - 150 - 
Lucerne  - 1000 - 1000 
N uptake (kg ha-1) 731 700 608 657 
Aboveground biomass 537 597 476 554 
Belowground biomass 176 103 132 103 
N balance = N input – N 
uptake 
-563 300 -458 343 
 
5.4 Discussion 
 
Nitrogen 
 
The application of fertiliser significantly increased both the total and marketable yield of 
sweetpotato (Figure 5.4-b). This indicates that the application of N fertiliser allowed plants to 
directly take up mineral forms of N, i.e. NO3
- and NH4
+, and use them to enhance growth. Nitrogen 
is known to be an essential element for increasing the rate of cell division and cell expansion in 
growing leaves, and/or to enhance leaf photosynthetic efficiency (Gastal and Lemaire 2002). 
Application of sufficient N can thus maximise plant growth and yield if it allows increased 
production and partitioning of photoassimilates to storage roots.  One study also observed that the 
application of N fertiliser 2 to 3 WAP produced significantly greater storage root yield than that 
applied before planting or at 4 to 5 WAP (Phillips et al. 2005). This indicates that greater plant N 
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demand may occur during the early stages of plant growth. However, it should be noted that an 
excessive amount of N could reduce the yields of sweetpotato if aboveground growth occurs at the 
expense of storage roots (Ravi and Indira 1999; Taranet et al. 2017; Villagarcia et al. 1998). 
 
The lower storage root yield observed in lucerne compared to fertiliser amended plots was 
associated with a reduction in plant biomass accumulation from the early stages of growth up until 
the beginning of bulking period (8 WAP) (Figure 5.6). For example, the AGR and the RGR of 
aboveground, storage root, and total dry-biomass was significantly lower at 8 WAP in lucerne 
amended plots (Figure 5.8 and 5.9).  There was also an interaction between land preparation and 
soil fertility management for the AGR, with plants grown on mounds amended with lucerne having 
a lower AGR compared to the other treatment combinations. In addition, although the main factors 
did not significantly inhibit LAI early in the season (Figure 5.7), there was an interaction between 
land preparation and soil fertility, with the LAI of plants grown on mounds amended with lucerne 
significantly lower than other treatment combinations at 8 WAP. The ability of a sweetpotato plant 
to accumulate storage root biomass is determined by a) the ability of the leaves to produce 
photoassimilates, and b) the capacity of roots to receive photoassimilates, which regulates the 
number of storage roots and the individual storage root size (Hahn 1977). Consequently, the 
reductions in the growth parameters discussed above could have significantly affected the ability 
of the plant to produce and allocate resources to the storage roots, leading to a decrease in yield.  
Similar differences in growth rate of crops supplied with N in the form of mineral fertiliser versus 
organic residues have been observed by other studies.  For example, a glasshouse study examining 
sorghum growth following the addition of either lucerne or mineral N fertiliser (equivalent to 100 
mg N kg-1 soil) observed a reduction in sorghum growth rates in the lucerne-amended treatments. 
 
The lower biomass accumulation that was observed in plants grown with lucerne addition may 
have been related to the N available to plants early on in the growing season. While the lucerne 
applied should have been sufficient to supply approximately 600 kg N ha-1 (calculated as 60 % of 
the initial N input of 1000 kg-N ha-1, following the results from the litterbag study) over the course 
of the study (estimated from the loss of lucerne dry-biomass observed in the litterbag study (Figure 
5.14), and the original N content of the lucerne), this material would need to have been mineralised 
before it was available to plants. Consequently, there may have been insufficient N to meet crop 
needs in the very early stages of growth, which is in contrast to fertiliser N, which would have 
been immediately available to plants. However, the results of the litterbag study showed that ~20% 
of the added lucerne had been lost by 2 WAP (Figure 5.14), presumably that the potential amount 
of mineralised N is 120 kg N ha-1. Similar patterns in decomposition have been observed by 
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Johnson et al. (2007), who found that 20 % of the N contained in lucerne mixed uniformly with 
the soil had been released after 4 weeks, with 35 % released at 8 weeks and 50 % at 18 weeks. It 
most likely indicates that N immobilisation did not occur during the decomposition process as 
lucerne has a C/N ratio of ~15:1. Hence, another explanation is even if it was adequate, available 
N released from decomposing lucerne may have moved to depths beyond which the sweetpotato 
fibrous roots could penetrate and forage in the early stages of growing season. This may also be 
associated with high RZT suppressing the growth of fibrous roots during early growing season 
(Chapter 4). The mismatch of N between soil N supply and plant N demand was confirmed by 
inhibition of LAI in sweetpotato grown on the mounds with lucerne addition and is a likely key 
driver for sweetpotato yield production on the mounds.   
 
Although the potential release of N from lucerne mineralisation over the course of this study could 
be estimated at 600 kg-N ha-1, the observation of plant available N in both the mounds and the 
flatbeds with lucerne addition was lower than this estimated value. This is similar to previous 
studies of mound systems, which have reported that the decomposition of the incorporated organic 
matter did not result in significant differences in plant available N (Attiwill et al. 1985; Stromgaard 
1990). Apart from plant uptake, one possible explanation is that some N was lost from the soil 
profile via NO3
- leaching (Basso and Ritchie 2005; Robertson and Vitousek 2009). While NO3-N 
leaching was not specifically measured in the present study, it is possible that leaching occurred, 
especially given the large amounts of N that would have been released from lucerne decomposition 
and the irrigation that occurred on site. It should be noted that N accumulation of Northern Star 
was approximately twofold greater than the amount absorbed by Beauregard during the growing 
season (Table 5.3). Mineralisation of soil organic matter appears to be a reasonable explanation 
for these results. This suggests that the potential value of gross N mineralisation from residue soil 
N in this study may contribute more to plant N demand than is currently assumed and could be 
greater than 500 kg-N ha-1. This was obviously shown in Northern Star plants grown under 
fertiliser addition when only 150 kg-N ha-1 was applied as fertiliser. Alternative explanations to 
account for the significant amount of N accumulation in Northern Star is this genotype may be 
highly efficient in scavenging for scarce soil N reserves. This can lead to greater N accumulation 
in total biomass of Northern Star plants, particularly in aboveground biomass.    
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Root Zone Temperature 
 
In addition to the mismatch of N supply, elevations in RZT could also be responsible for reducing 
the storage root yield of sweetpotato grown with lucerne addition. In mounds amended with 
lucerne, RZT was greater (by up to 8ºC) than was observed for the remaining treatments until 8 
WAP, and peaked at a temperature of around 40ºC (Figure 5.3). This period of elevated RZT also 
corresponds with the period of reduced AGR, RGR and LAI discussed previously. It is known that 
the biomass accumulation of storage roots is inhibited in sweetpotato plants exposed to elevated 
RZT, with the degree of inhibition varying depending on cultivars and magnitude of the 
temperature increase (Chapter 4; Hasegawa and Yahiro 1957; Eguchi 2000). In addition, elevated 
RZTs have been observed to adversely affect the yields of other crop species, such as peanut (Awal 
et al. 2003) and potato (Sattelmacher et al. 1990b). Consequently, it is possible that the elevated 
temperatures observed in this study contributed to the decline in biomass production observed. 
 
The decline in storage root growth of sweetpotato with increasing RZT could be largely due to the 
effect of high RZT on photosynthesis, respiration and carbohydrate accumulation processes. 
Photosynthetic activity is limited by inhibition of photosynthetic activities through limiting 
photosynthetic pigments and declines in stomatal conductance at higher temperatures (Wahid et 
al. 2007). Medori et al. (2012) also suggested that elevated RZTs increase age-related limitations 
on photosynthesis, decreasing carbon acquisition due to stomatal closure, or because of rapid 
deterioration of Rubisco functions. Temperature increases can also strongly affect root respiration 
(Paulsen 1994). This results in disproportion in photosynthesis and respiration where the rate of 
photosynthesis decreases while respiration increases under high temperature (Wahid et al. 2007; 
see appendix B for more information). For example, the respiration rate of sweetpotato storage 
roots at 30°C was almost three times greater than that at 20°C (Stewart et al. 2000). Hence, 
sweetpotato exposed to high RZT continuously loses transported photoassimilates via respiration, 
thus reducing the photoassimilates accumulated. Carbohydrate accumulation processes have also 
been associated with declines in storage root growth, with a reduction in the sugar content of plant 
roots observed at elevated RZT (Liu and Huang 2000). For example, elevated RZTs have been 
observed to reduce the concentration of sucrose, glucose and fructose in potato roots (Sattelmacher 
et al. 1990c), which is also consistent with changes observed in the root systems of Creeping 
Bentgrass (Agrostis palustris Huds.) (Xu and Huang 2000) and winter wheat (Triticum aevistum 
L.) (Zemánek and Frecer 1990).  
 
 
 101 
 
Land Preparation 
 
Land preparation had no effect on storage root yield, the total number of storage roots produced, 
or aboveground biomass accumulation (Figures 5.4).  It is possible that the land preparation could 
have influenced soil bulk density. Before study commencement, the bulk density of the site was 
1.5 to 1.6 g cm-3. This was reduced to  1.1 to 1.2 g cm-3 following tillage, with bulk density of soil 
on the mounds tending to be lower than that of soil on the flatbeds due to the process of gathering 
soil from the surrounding planting area (data not shown). However, the lack of difference in 
storage root yield between the flatbeds and the mounds indicates that soil bulk density was not a 
factor limiting sweetpotato growth in this study. This is in contrast to studies of yam (Dioscorea 
rotunadata) production under mound culture, where greater yam production from plants grown on 
mounds was attributed to the lower bulk densities observed on mounds (bulk density 1.2 to 1.3 g 
cm-3) compared to flatbeds (bulk density 1.4 to 1.7 g cm-3) (Kang and Wilson 1981). Another 
explanation associated with land preparation, as well as soil fertility management, is oxygen 
concentration surrounding the sweetpotato root system during the initiation or development of 
storage roots (Watanabe et al. 1968). Storage root yield of sweetpotato grown under field 
conditions is largely improved with ridging (Edmond et al. 1950). This corresponds to a study of 
sweetpotato root production that was subjected to 2.5% oxygen for 81 days, showing significant 
suppression in storage root number and weight when compared to plants subjected to 21 % oxygen. 
When plants were grown in 2.5% oxygen for 81 days followed by 21% oxygen for 28 days, there 
was no difference in storage root number when compared to plants grown in 21 % oxygen for the 
entire period (Chua and Kays 1981). This indicates that storage root formation and development 
is not irreversibly impaired by low oxygen concentration. However, the authors suggest that the 
reduction of storage root production under low oxygen concentration in the root zone resulted from 
inhibition of phloem unloading or carbohydrate polymerization with subsequent secondary 
inhibition of unloading (Chua and Kays 1981). 
 
Cultivar  
 
Significant differences were observed in the uptake and utilisation of N by different sweetpotato 
cultivars. The difference in the response of the two cultivars to plant available N can be seen from 
differences in the Ν contained in aboveground plant parts, with Northern Star having a N content 
nearly 3 times that of Beauregard (although storage roots accumulated similar amounts of N) 
(Figure 5.12). The AGR of Northern Star was also significantly greater than that of Beauregard at 
all sampling times, while the RGR of Northern Star was greater 4 and 8 WAP, although it was 
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similar to Beauregard during later time periods (Figure 5.8 and 5.9). This implies that N uptake 
largely occurred during the early growing period as aboveground biomass was vigorously 
increased, especially in Northern Star. It would appear that the Northern Star plants had a greater 
capacity to scavenge and accumulate soil N. However, although the greater uptake of N by 
Northern Star produced greater aboveground biomass and LAI, it did not increase storage root 
yields compared to Beauregard plants, and the Northern Star plants had a much lower HI (Figure 
5.10). 
 
5.5 Conclusion 
  
This study provided evidence that sweetpotato plants grown with the addition of lucerne had a 
lower storage root yield than those grown with mineral fertiliser addition. The critical indicators 
regulating the decrease of storage root yield following lucerne addition were the reduction of 
sweetpotato growth rate i.e. RGR, AGR and LAI during 8 WAP. The main mechanism regulating 
the reduction of these attributes was believed to be a mismatch between the supply of N and plant 
demand for N during the early stages of growth. Even though the decomposition of lucerne was 
capable of releasing sufficient N for sweetpotato production, the initially low amounts of N 
available during the early stages of growth (i.e. before sufficient mineralisation had occurred), are 
believed to have adversely affected aboveground biomass production, and subsequently 
photoassimilate production and allocation to storage roots during the bulking period. Even if it 
was adequate, available N released from decomposing lucerne to the mounds, may be deeper than 
sweetpotato roots can penetrate and forage. In addition, increases in RZT of up to 8ºC in mounds 
amended with lucerne until 8 WAP, could have also negatively affected the dry biomass 
accumulation of storage roots given the negative impact elevated RZTs can have on 
photosynthesis, respiration, and carbohydrate accumulation processes. Land preparation and 
cultivar had no significant effect on storage root yield of sweetpotato. The results from this study 
indicates that it would be challenging for farmers to use the decomposition of plant residues to 
maximize sweetpotato yield. Various factors, such as C/N ratio of plant residues and 
environmental conditions as well as microbial processes, will also have an impact on 
decomposition and N mineralisation rates, resulting in variations in the mounds’ advantage. 
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Chapter 6: General discussion and conclusion 
 
This research investigated the mechanisms that influence sweetpotato growth and yield in large 
mound cultures. The general hypothesis was that the decomposition of residues in the large 
mounds would enhance the supply of available N and increase RZTs, and thus improve the growth 
and yield of sweetpotato plants. Specific hypotheses were that; (i) the large mound culture would 
result in similar, or even greater, sweetpotato yield compared to conventional management with 
fertiliser addition, (ii) large rates of N supply would suppress the formation and/or growth of 
storage roots, and consequently reduce yield, and (iii) elevated RZT would improve sweetpotato 
storage root formation and growth. The following sections summarize and discuss the key findings 
of this research. 
 
6.1 Mechanism affecting sweetpotato growth and yield in large mound cultures 
 
In the western half of the highlands in PNG, the use of the large mounds aims mainly for improving 
sweetpotato production, with indications that decomposition of plant residues in the mounds 
provide N sufficient for sweetpotato growth and yield. It was also suggested that slow release of 
N from decomposition could prevent excessive aboveground growth and lead to maximising of 
sweetpotato yield production, without using mineral fertiliser (Leng 1982a; Leng 1982b; Taraken 
and Ratsch 2009). The findings from this PhD research did not support the hypothesis that large 
mound culture enhances yield production of sweetpotato, compared to conventional management 
with fertiliser addition. The final yield of sweetpotato grown under the large mound culture (with 
lucerne addition) was 20% less than that observed in plants grown with mineral fertiliser addition 
(Chapter 5). The yield reduction resulted mainly from the inhibition of biomass accumulation of 
storage roots, rather than inhibition of number of storage root formed. This indicates that soil 
fertility management was a key determinant of sweetpotato yield reduction under the large 
mounds. This is attributed to (i) the mismatch, or even shortage, of N supply to sweetpotato to 
satisfy plant N demand, particularly during early stage of growth and (ii) elevated mound 
temperature as another factors adversely affect storage root yield of sweetpotato grown under 
lucerne addition.  
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6.1.1 Response of sweetpotato growth and yield to nitrogen supply 
 
Both glasshouse and field trials provided evidence that a relatively high amount of N was required 
to maximise plant growth and yield, particularly under field conditions (Chapter 3; Appendix A). 
In this study, the hypothesis that high N supply suppressed storage root formation and growth, and 
subsequently the yield of sweetpotato, was partially supported. While there was no evidence that 
storage root formation was inhibited by high N, high N supply did significantly reduce storage 
root growth and yield in the field, although this effect was not observed in glasshouse studies. It 
is likely that this occurred due to differences in leaf area production and photoassimilate restriction 
during the storage root bulking period in field versus glasshouse plants. While management of 
sweetpotato with high N supply in the glasshouse (specifically the staking of plants) permitted 
plants to capture more sunlight so that they could maintain the photosynthetic potential of the 
canopy, shading of plant leaves in the field caused more photoassimilates to be allocated to the 
support of shaded leaves rather than to storage roots, thus reducing yield.  
 
When sweetpotato plants were grown in the field under N limiting conditions (< 130 kg ha-1 in the 
glasshouse and < 260 kg ha-1 in the field trials) (Chapter 3), yield effects were also observed in 
response to fertiliser management. In plants grown on large mounds with lucerne addition, 
inhibition of aboveground, storage root, and total biomass accumulation was observed until 8 
WAP, as indicated by the reduction of AGR and RGR of plants grown with lucerne addition (i.e. 
flatbeds and mounds) and LAI of plants grown on the large mounds with lucerne addition (relative 
to fertiliser addition) (Chapter 5). This could be the critical period for yield production of 
sweetpotato in large mound culture. In general, it was believed that while the addition of fertiliser 
rapidly provided a source of plant available N, it was necessary for decomposition and N 
mineralisation to occur before the N contained in lucerne residues was available to plants. This 
may have led to an inadequate N supply early in the growing season, which was not sufficient to 
maximise plant growth rates and leaf area expansion, thus limiting yield.  
 
The decomposition rate of plant residues largely depends on their composition and the 
environmental conditions (such as rainfall and temperature). In general, the decomposition of plant 
residues with low C/N ratios (high N content) will result in net N mineralisation and an increase 
in plant available N, while the decomposition of plant residues with high C/N ratios tends to lead 
to net immobilisation of N, and a reduction in plant available N. In this study, although the lucerne 
added to plots had a low C/N ratio (15:1), the decomposition and release of plant available N may 
have been delayed early in the growing season, resulting in inadequate N for optimum plant growth 
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and leaf area expansion (Chapter 5). Although it was sufficient, available N release from 
decomposing lucerne may have been located at depths beyond which sweetpotato roots can 
penetrate and forage in early growing season. Consequently, there may have been insufficient N 
to meet crop needs in the very early stages of growth, which is in contrast to fertiliser N that would 
have been immediately available to plants. This spatial mismatch between soil N supply and plant 
N demand was revealed through inhibition of LAI in sweetpotato grown on the mounds with 
lucerne addition. In the large mound cultures used in the PNG highlands, a wide range of plant 
residues with varying C/N ratios are used (e.g. dried sweetpotato vines, grasses, and weeds from 
gardens). This would also lead to an occurrence of N immobilisation if C/N ratios are higher than 
the critical values of approximately 25-30. Consequently, N mineralisation may occur even more 
slowly in ‘real world’ mound cultures, leading to sub-optimal supplies of N for sweetpotato growth 
and yield. In addition, the large mounds are used in a wide range of environments, with altitudes 
ranging from 1100 to 2850 m. The mean annual rainfall in these locations ranges from 2200 mm 
to 5000 mm per year, although generally averages around 2200 mm to 3000 mm. This rainfall 
occurs with a very high intensity, and it is possible in these environments that significant amounts 
of nitrogen (as NO3-N) may also be lost via leaching and in runoff.  
 
6.1.2 Response of storage root growth to elevated root zone temperature 
 
Elevation of mound temperature during the growing period could also have inhibited the storage 
root growth of sweetpotato (Chapter 5). Glasshouse trials provided evidence that elevated RZT 
adversely affected the formation and growth of sweetpotato storage roots (Chapter 4; Appendix 
B). These results clearly do not support the hypothesis that elevated RZT would improve storage 
root formation and growth in sweetpotato. Although the total number of storage roots was not 
affected by a constant elevated RZT, the total dry-biomass of those roots formed significantly 
reduced with a RZT of 30°C and above. When the effect of short-term increase in RZT were 
examined, it was apparent that while the total number and dry-biomass of storage roots in 
Beauregard was not affected by increases in RZT, they were reduced at a RZT of 50°C in Northern 
Star plants. The reason for the different responses of plants exposed to constant versus short-term 
increases in RZT are believed to be due to differences in both the magnitude and time of the high 
temperature exposure. The more pronounced inhibition of Beauregard storage root growth under 
a constant versus a short-term increase, suggests that longer exposure times may cause damage to 
the dry-biomass accumulation of storage roots, while the short-term increases allow plants to adapt 
to the temperature changes, and thus maintain growth and development. From these findings, 
although the degree to which temperatures increase in large mounds in PNG highlands was not 
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measured, and would depend on how fast decomposition occurs, it is apparent that the crude 
manipulation of RZT that could be achieved from the breakdown of organic material added to soil 
mounds would be as likely to adversely affect yield, as it would be to increase it. 
 
The differences in the response of Beauregard and Northern Star cultivars to changes in RZT 
(Chapter 4), could be related to the origin of these plant species, and the area they were adapted to 
grow in. Beauregard is an improved cultivar of high yield potential developed by Louisiana State 
University through systematic breeding from plants of South American origin (Smith et al. 2009). 
Given its origins, it is likely that Beauregard would be able tolerate higher RZTs. Northern Star, 
on the other hand, originates from Laloki, PNG, where soil temperature range from 15°C to 22°C 
(Moody and Radcliffe 1986). After many centuries of isolated evolution and selection in a distinct 
agro-ecological environment, Northern Star is substantially different from its ancestors (Zhang et 
al. 1998). It may thus grow best at lower RZTs. However, since there are a wide range of 
sweetpotato cultivars used in the PNG highlands, some of these cultivars may have developed 
adaptive mechanisms with the capacity to maintain yield production under the high temperatures 
observed in mounds. 
 
6.1.3 Limitation of the study 
 
Although this PhD study achieved its aims, there were some unavoidable limitations. There were 
two features of the research design, which may have affected the quality of the findings. First, the 
layout of this study aimed at comparing sweetpotato yield cultivated under two managed 
conditions; large mound culture and conventional management, which made this current study 
exploratory. However, as sweetpotato yield production in PNG highlands is much lower than 
commercial production in Australia; the implication of these results on the efficiency of the large 
mound culture in terms of N supply need to be compared to controlled management without the 
addition of N inputs. Second, to obtain a better understanding of plant responses in large mound 
culture, additional data specifically relating to decomposition processes are needed.  This is 
important due to its impact on the mechanisms of sweetpotato growth and yield production. It 
would have been useful to collect more information about decomposition processes of plant 
residues added to the soil mounds to further explain the effect on yield production in sweetpotato.   
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6.2 Conclusions and recommendations 
 
This PhD study has provided an insight into the processes at work in large mound cultures, where 
plant residues are added to large soil mounds in order to supply N for sweetpotato growth. 
Evidence has been presented that mound cultures may not be a system that will consistently 
improve sweetpotato yield relative to conventional production practices, such as fertiliser addition. 
This was largely due to a mismatch between N supply and plant demand for N, and the negative 
effect of elevated RZTs on storage root growth (Chapter 3, 4, and 5). While it has previously been 
suggested that the slow release of N from decomposing residues could be beneficial for 
sweetpotato yield because it could prevent excessive aboveground growth (which can be 
detrimental to yield), this study indicated that delays in the decomposition of lucerne early in the 
growing season were likely to have resulted in inadequate N supply to maximise plant growth rates 
and leaf area expansion, subsequently reducing plant yield. In addition, the elevation of 
temperature in the mounds in response to residue decomposition is likely to have negatively 
affected storage root production by inhibiting dry-biomass accumulation, with the magnitude of 
the effect dependant on the magnitude of the temperature increase, the length of the exposure 
period, and the sensitivity of the cultivar being grown. 
 
While the knowledge gained in this study regarding N release and the effect of RZT on sweetpotato 
production provides little scope for increasing yield in the highlands of PNG, it may be possible 
to alter other aspects of the production system to improve productivity.  In practice, to successfully 
improve agricultural productivity under stressful growing conditions, synchronizing the stress 
sensitive stage of plant growth with an adjustment in cultural practices (i.e. planting time, plant 
density and agronomic management) can help ensure the maintenance of favourable conditions 
during the growing season (Wahid et al. 2007). In general, planting time plays a significant role 
for synchronizing the stress sensitive stage of the plant with the most favourable time period of 
the season. Under large mound culture, delay of planting date could contribute largely to storage 
root yield production. This is because plants can avoid unfavourable conditions when insufficient 
N supply and elevated RZT occur during the early growing season. During bulking period of 
storage roots, plant density can also strongly influence crop yield due to its effect on leaf shading 
and canopy development. Nitrogen use efficiency is also reported to decrease when plants, 
including sweetpotato, are planted at a higher density. This results in increased competition for N 
and irradiance, leading to decreased yield (Ravi and Indira 1999). Under conventional 
management, a plant population of about 25,000 to 33,000 plants ha-1 is considered as ideal for 
sweetpotato cultivation (Idoko et al. 2016; Rubatzky and Yamaguchi 1997). However, under the 
 108 
 
large mound culture, the average plant population typically ranges from 43,000 to 76,000 plants 
ha-1, and may even be as high as 172,000 plants ha-1 (Hughes et al. 2009). Although no 
experimental studies have specifically examined the effect of plant densities on the storage root 
yield of plants grown on large mounds, it has been observed that these higher planting densities 
tend to increase the numbers of storage roots that weigh less than 100 g (Bourke 2005b). 
Consequently, modifications to planting densities may allow greater storage root biomass 
acumulation to occur, leading to higher overall yields in large mound culture.  
 
In addition to the manipulation of planting densities, an increased understanding of the impact of 
large mounds on soil hydrology may also increase our understanding of these systems, and allow 
manipulations that can increase productivity. While Waddell (1972) reported that the large mounds 
had a negative effect on available soil water, Wood (1984) suggested that the large mounds could 
improve water-holding capacity and sweetpotato water use. Although land preparation, i.e. 
flatbeds versus mounds, did not affect the sweetpotato yield in this study (Chapter 5), the large 
mound culture may influence soil hydrology in the PNG highlands. The soil used for mound 
building has a well-structured and friable A-horizon, which has good soil aeration, rainwater 
infiltration characteristics, and drainage.  In addition, the topsoil depth on mounds is increased due 
to the build-up of soil that occurs during mound construction, and this could improve the overall 
water-holding capacity of the mounds compared to other land preparation systems. At the crop 
level, sufficient supplies of water are important to maximise N use efficiency and yield. Given the 
improvements in plant water use likely to occur in plants grown on large mounds, an increased 
understanding of the interaction between plant available water, N supply, and RZT could help 
identify mechanisms to improve large mound production systems. The successful development of 
an improved large mound culture could allow the use of this production system to be extended 
outside the traditional highlands zone.  As the PNG population increases, so does the demand for 
food and cash crops. Improved large mound culture could help to improve land productivity and 
reduce the pressure to clear virgin forests for crop production.  
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Appendix A. ‘Northern Star’ growth and yield responses to nitrogen application 
 
Introduction 
 
Despite being a minor crop, sweetpotato production and consumption has grown rapidly in 
Australia over the last three decades (Bourke 2009). The sweetpotato market in Australia is largely 
dominated by the Beauregard cultivar (Wolfenden et al. 2014), and the growth and yield responses 
of this cultivar to abiotic factors have been extensively studied (Gajanayake et al. 2014; Guertal 
and Kemble 1997; Lewthwaite 2004; Lewthwaite and Triggs 2012; Monday et al. 2013; Phillips 
et al. 2005; Villordon et al. 2013; Villordon et al. 2012). However, Northern Star, which is the 
second most popular cultivar grown in Australia and makes up 5% of total market production, has 
not been well characterised. Since its introduction from PNG in the last decade, Northern Star has 
received attention from both consumers and sweetpotato growers due to its characteristics of less 
long thin storage roots and a tough “double skin” that resists damage during harvest (Midmore and 
Nguyen 2003; Traynor 2005). It has been observed that Northern Star tends to have a rapid growth 
rate, but inconsistent yield, and storage roots that are susceptible cracking (Wolfenden et al. 2014). 
The nutritional requirements of the plant, particularly N, are considered to be one of the most 
important factors regulating the growth and yield characteristics of Northern Star; however, the 
exact mechanisms behind this regulation remain unclear. Greater investigation of the effect of N 
nutrition on storage root production in Northern Star is thus necessary to advance understanding 
of the conditions most likely to increase Northern Star yield. 
 
Nitrogen plays an important role in the growth and yield of sweetpotato (Chua and Kays 1981; 
Kays 1985). Prior investigations have found that the N application rates required to maximize yield 
can range from 0 to 240 kg ha-1 (Hartemink et al. 2000a; Phillips et al. 2005; Schultheis et al. 2007; 
Sebastiani et al. 2006). It has also been observed that excessive N availability can promote 
aboveground growth at the expense of storage root production (Hartemink et al. 2000a; Wilson 
1973). For example, in a study in the Morobe province of Papua New Guinea, the Markham 
cultivar produced maximum yield when N fertiliser was applied at a rate of 100 kg ha-1.  
Application of N at a rate of 400 kg ha-1, however, reduced storage root yield by up to 70%  
(Hartemink et al. 2000a). The response of sweetpotato to N application also differs between 
cultivars (Hill et al. 1990a). In North Carolina, USA, the Jewel cultivar showed maximum yield at 
240 kg N ha-1, and increasing N application rate to 360 kg ha-1 reduced storage root yield by up to 
35%. In contrasts, the MD810 cultivar grown at the same time and location showed maximum 
yield at 120 kg N ha-1, and increasing the N application rate to 360 kg ha-1 did not result in any 
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change in yield (Villagarcia 1996). These studies indicate that not only can N have a marked 
impact on storage root yield, but that the optimum amount of N can vary depending on cultivar. 
The objective of this study was thus to elucidate the influence of N application rates on the storage 
root formation and yield of Northern Star, and examine the hypothesis that high amounts of N 
would inhibit storage root formation and growth in this cultivar. 
 
Material and Methods 
 
Experimental setup 
 
The study was conducted during 2015/2016 in a controlled temperature glasshouse (25°C ±5°C) 
at the University of Queensland, St. Lucia, Australia. The experiment was carried out as a 
randomized complete block design with six treatments with three replicates. The six treatments 
consisted of N fertilizer application rates of 0 (control), 50, 100, 150, 200, and 250 kg-N ha-1 in 
the form of ammonium nitrate. Four pots were prepared for each treatment/replicate combination 
to permit destructive harvests at 4, 8, 12, and 16 weeks after planting (WAP).  A total of 72 pots 
were prepared. A basal application of phosphorus (60 kg P ha-1), potassium (180 kg K ha-1), sulfur 
(12 kg S ha-1), calcium (6 kg Ca ha-1), magnesium (3 kg Mg ha-1), iron (17 kg Fe ha-1), boron (0.1 
kg B ha-1), manganese (2.5 kg Mn ha-1), copper (1 kg Cu ha-1), zinc (1 kg Zn ha-1) and molybdenum 
(0.05 kg Mo ha-1) was applied to all treatments. All fertiliser rates were calculated based on the 
surface area of the growing containers (18 L pots, 0.33 m diameter with a surface area of 0.081 
m2) and uniformly incorporated into the potting mix (50% sand and 50% peat) at planting.  
 
Second generation of pathogen-tested (PT) cuttings were used as planting material to minimize 
the impact of pests and diseases. Sweetpotato vines were cut into approximately 30 cm lengths 
with four nodes. Three nodes were then inserted horizontally into the potting mix. The plants were 
watered using a twin pot water management system consisting of a stack of two plastic pots (270 
mm high and 330 mm diameter) separated by a collar (40 mm high). The bottom pot acted as a 
water reservoir linked to the upper pot by capillary tape. Each pot was wrapped with reflective 
insulation sheet (Ametalin SilverWrapTM Breather, Australia) to prevent over heating of the 
potting mix and excessive water loss from the pot surface. At one week after planting (WAP), 
stalking materials, i.e. bamboo stakes and soft string, were used to support the sweetpotato canopy. 
Three bamboo stakes were inserted in each pot and the vines were loosely attached using soft 
string. 
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Data collection and laboratory analyses 
 
Three replicated plant samples from each treatment were harvested at 4, 8, 12, and 16 WAP. The 
harvested samples were first divided into belowground and aboveground parts. The belowground 
parts were carefully washed with deionized water to remove the potting mix, then separated into 
fibrous roots (<0.5 cm diameter) and storage roots (>0.5 cm diameter) consistent with other 
sweetpotato studies (Villordon et al. 2012). Leaf area was also measured using a leaf area meter 
(Li-3100C, LI-COR, USA).  The aboveground parts were separated into leaves and stems-plus-
petioles, and the fresh biomass recorded before samples were dried at 70°C to a constant weight.  
Samples were weighed for dry biomass, then ground to pass through a 50 μm mesh sieve for tissue 
N analysis using a LECO Truspec CHN analyser (LECO Australia Pty Ltd, Castle Hill, NSW, 
Australia). Nitrogen concentrations were multiplied with the dry biomass data to obtain the N 
content of each plant part. Total plant N accumulation was then calculated as the sum of the N 
content from all plant parts. The percentage N recovery was calculated using the following 
equation (Pomares-Garcia and Pratt 1978). 
 
% N recovery = ((NF-NC)/R) x 100  
 
Where NF was total plant N uptake by N fertilised plants, NC was total plant N uptake by 
unfertilised plants, and R is rate of N fertiliser application. 
 
Statistical analyses 
 
The data were analysed using a one-way analysis of variance (ANOVA) for a randomized 
complete block design using Minitab (Minitab Inc, State College, PA, USA). Mean comparisons 
by treatment were conducted using the least significant difference (LSD) test at p<0.05.  
 
Results and discussion 
 
Aboveground growth and dry-biomass accumulation  
 
Nitrogen application rates significantly affected the aboveground biomass of sweetpotato (Figure 
A1-a). At 4, 8, and 12 WAP, plants that received N applications ≥100 kg-N ha-1 had significantly 
greater aboveground biomass than other treatments. At 16 WAP, increasing N application from 0 
to 150 kg ha-1 significantly increased aboveground biomass from 28.6 to 141.9 g plant-1, with 
further increases in N to 250 kg N ha-1 not resulting in any further increases in biomass. The 
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aboveground biomass of sweetpotato was also observed to increase right up to 12 WAP, with a 
little increase until final harvest. This indicates that aboveground sweetpotato parts were capable 
of producing biomass throughout the entire production cycle (Villagarcia 1996). However, there 
was no indication that aboveground growth inhibited the processes associated with storage root 
biomass accumulation. This corresponds to the findings in Chapter 3 where sweetpotato was 
planted in the potting mix under glasshouse conditions. The use of bamboo stakes to support the 
sweetpotato vines, allowed the canopy to capture sunlight from an area much greater than the pot 
surface area. Hence, with staking the vines and increasing the area of light interception, 
sweetpotato could maintain high photosynthesis of the canopy and the mutual shading within and 
between plant canopies would have been minimized. 
  
Nitrogen application rate also significantly affected sweetpotato leaf area (Figure A1-b). At 4 
WAP, sweetpotato that received ≥100 kg N ha-1 had a significantly greater leaf area than plants 
receiving a lower N rate. At 8 WAP, plants that received ≥200 kg N ha-1 produced the greatest leaf 
area, and at 12 WAP, when leaf area peaked, leaf area was greatest at a N application rate of 250 
kg ha-1 with no significant difference with observed in plants that received 150 and 200 kg N ha-1. 
At the final harvest, sweetpotato receiving ≥100 kg N ha-1 again had a significantly greater leaf 
area than plants receiving a lower N rate. These results also showed that leaf area production for 
Northern Star plants grown under glasshouse conditions can be separated into (i) a phase where 
leaf area rapidly increases - from planting to 8 WAP; and (ii) a phase where leaf area production 
levels off and remains constant – 8-16 WAP (the storage root bulking period) (Table D8). This 
indicates that N fertilisation during the early stages of growth may influence sweetpotato yield by 
affecting leaf area production, and thus the production of photoassimilates.  
 
Figure A1 The aboveground biomass (a) and the leaf area (b) of Northern Star sweetpotato plants 
4, 8, 12, and 16 weeks after planting (WAP) at N application rates of 0, 50, 100, 150, 200, and 250 
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kg ha-1. Error bars are the LSD (p<0.05) between N application rate means at the same harvest 
date. 
  
Belowground growth and dry-biomass accumulation  
 
Storage root number 
 
The formation of storage roots could be clearly seen by 8 WAP, with the number of storage roots 
observed greatest in plants that received ≥100 kg N ha-1 (Figure A2). At 12 WAP, storage root 
numbers were similar to those at 8 WAP, with a maximum number of 4.7 storage roots plant-1 
observed at a N application rate of 100 kg N ha-1. At 16 WAP, the number of storage roots reached 
a maximum of 6 per plant-1 at a N application rate of 50 kg ha-1, with further increases in N 
application not significantly affecting the number of storage roots produced. While storage root 
formation was observed at 8 WAP in the Northern Star plants used in this study, storage root 
formation has been first observed at 4 WAP in Beauregard cultivars, and 6 WAP in Jewel  
(Villagarcia 1996; Villordon et al. 2009a; Villordon et al. 2009b). Late storage root formation may 
thus be a characteristic of the Northern Star cultivar. There is a general consensus in the literature 
that a large amount of N tends to decrease cambium activity in the stele of sweetpotato plants, 
resulting in the inhibition of storage root formation (Wilson 1973; Wilson and Lowe 1973b). 
However, in this study there was no indication that high N rates inhibited storage root formation. 
 
 
Figure A2 The number of storage roots for Northern Star plants grown at N application rates of 
0, 50, 100, 150, 200, and 250 kg ha-1 at 4, 8, 12 and 16 weeks after planting (WAP). Error bars 
show the LSD (p<0.05) between N application rate means at the same harvest date 
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Fibrous root and storage root dry biomass 
 
Fibrous root dry-biomass was significantly affected by N application rates only at 4 WAP (Figure 
A3-a), after which N application had no effect. The dry-biomass of storage roots at 8 WAP ranged 
between 1.33 and 5.0 g plant-1 regardless the N application rate (Figure A3-b). At 12 WAP, plants 
receiving a N application rate ≥100 kg ha-1 had a storage root biomass 36.2 to 45.4 g plant-1 greater 
than plants receiving 0 and 50 kg N ha-1. At 16 WAP, increasing the N application from 0 to 150 
kg ha-1 significantly increased storage root biomass from 31.1 to 186.0 g plant-1, although further 
increases in N application did not result in any further changes to dry-biomass.   
 
The bulking period for storage roots is the period where they become the dominant sink for 
photoassimilates. In this study, throughout the bulking period commenced 8 WAP, at which time 
storage root biomass was not influenced by N application (Figure A3-b).  However, the rate at 
which storage root biomass increased throughout bulking period was closely associated with N 
application rate, particularly between 12 to 16 WAP when the rate of storage root biomass 
accumulation increased markedly, particularly in N treatments ≥100 kg N ha-1 (Figure A3-b). At 
the final harvest, high N was not observed to have inhibited the dry-biomass accumulation of 
storage roots. This lack of inhibition could be attributed to the canopy management that occurred 
(i.e. staking), which allowed light transmission to continue into the lowermost layers of the canopy, 
preventing leaf shading, and thus any competition between shaded leaves and storage roots for 
photoassimilates. 
 
Figure A3 Fibrous root dry-biomass (a); and storage root dry-biomass (b) of Northern Star plants 
grown at N application rates of 0, 50, 100, 150, 200, and 250 kg ha-1 at 4, 8, 12 and 16 weeks after 
planting (WAP). Error bars show the LSD (p<0.05) between N application rate means at the same 
harvest date. 
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Nitrogen accumulation and distribution among plant parts 
 
Nitrogen application rates affected the N concentration of leaves, stems, storage roots, and the total 
plant (Figure A4-a). Leaf and stem N concentrations were about 1.6% and 1.0% N respectively, at 
a N application rate of 250 kg N ha-1. The N concentration of storage roots peaked at 0.8%N at a 
N application rate of 200 kg N ha-1. In this study, the N concentration of leaves was lower than the 
critical N concentration of 4% reported by O'Sullivan et al. (1997) and of 3.0 to 3.2% Walker and 
Woodson (1987). However, this may have occurred because the N concentration of leaves in this 
study were measured at 16 WAP, while other studies took measurements at 4 to 10 WAP. 
Differences in the critical values may also have been related to cultivar differences. 
  
Total plant N content was lowest in the control plants (0.49 g plant-1), where N in belowground 
parts was more than double the amount in aboveground part (Figure A4-b). In this study, although 
fertiliser was the main source of plant available N, the fact that N was also stored in control plants 
indicates that alternative sources of N were available. These sources included peatmoss in the 
potting mix, and the initial N in the sweetpotato vine cuttings. When N application was increased 
to 50 and 100 kg N ha-1, total plant N accumulation significantly increased to 0.90 and 1.90 g plant-
1 respectively. Increasing N application to 200 kg N ha-1 significantly increased N accumulation 
to 3.02 g plant-1, with 42% of the N accumulated in aboveground parts (43% of this located in 
leaves), and the remainder (58%) stored belowground (82% in the storage roots). Further 
increasing N application to 250 kg N ha-1 did not significantly change the N content of the total 
plant biomass.  
 
Figure A4 The nitrogen concentrations in leaves, stems and storage roots (a); and the plant N 
content in aboveground and belowground parts (b) in plants grown at N application rates of 0, 50, 
 138 
 
100, 150, 200, and 250 kg ha-1 at 16 weeks after planting (WAP). Error bars show: LSD1 (p<0.05) 
between N application rate means for the leaf N concentration; LSD2 (p<0.05) between N 
application rate means for the stem N concentration; LSD3 (p<0.05) between N application rate 
means for the storage root N concentration; LSD4 (p<0.05) between N application rate means for 
the aboveground N content; LSD5 (p<0.05) between N application rate means for the belowground 
N content. 
 
Nitrogen recovery 
 
Using the control plants to provide an assessment of the N supply provided by the potting mix (57 
kg ha-1), N recovery values peaked in plants receiving N supply rates from 100 to 200 kg N ha-1, 
and ranged from 145 to 165.4% (Table A1). This extra N in plant indicates a priming effect from 
applying N fertiliser. It may also indicate that Northern Star cultivars have a high N uptake 
potential. Genotypic differences in N uptake and metabolism have been reported for several crop 
species, including maize (Wang et al. 2002) and wheat (Le Gouis et al. 2000). For a given 
genotype, N efficiency reflects its ability to produce high biomass or yield in a soil where N is 
limiting. Sweetpotato cultivars have been classified as either responsive (low leaf area production) 
or nonresponsive (high leaf area production) under limited N availability (Tsuno and Fujise 1963). 
The application of N fertiliser to nonresponsive cultivars may enhance leaf area production above 
the optimum rate, resulting in mutual leaf shading and reduced photosynthetic efficiency. 
However, the nonresponsive cultivars can also be beneficial due to their ability to absorb N from 
the soil more efficiently than responsive cultivars, thus minimizing losses of N. The Northern Star 
plants used in this study showed greater plant N accumulation and leaf area production than 
Beauregard plants (Chapter 3), even under low N fertilisation. This implies that Northern Star may 
classify as a non-responsive cultivar N responsiveness. 
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Table A1 Nitrogen recovery (%) at 16 weeks after planting (WAP) from sweetpotato plants grown 
in a glasshouse with N applied at 0, 50, 100, 150, 200, and 250 kg N ha-1. 
 
Supply rates 
Actual N supply               
(g pot-1)* 
N accumulation 
(g plant-1) 
N recovery (%) ** 
0 kg N ha-1 0 0.49 - 
50 kg N ha-1 0.43 0.90 94.19b 
100 kg N ha-1 0.85 1.90 165.35a 
150 kg N ha-1 1.28 2.35 144.64a 
200 kg N ha-1 1.71 3.02 147.89a 
250 kg N ha-1 2.14 2.91 113.00b 
*   Actual amount of N supply was calculated based on surface area of the pots (0.086 m2) 
** N recovery (%) is a fraction of the amount of N uptake (g) to the amount of N supply (g) 
*** Means within same column that share a letter are not significantly different at 95% confidence 
intervals. 
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Appendix B. Root zone temperature affects sweetpotato storage root formation and growth 
 
Introduction 
 
Sweetpotato is an important root crop that is grown widely throughout the tropics during the dry 
season, when soil temperatures are high (Pardales et al. 1999). It has been reported that root zone 
temperature (RZT) is a vital factor controlling the establishment of plant root systems (Kaspar and 
Bland 1992; McMichael and Burke 1998). Changes in RZT to above or below the optimum range 
can affect the mechanisms responsible for root growth and development (Barlow and Adam 1989). 
Previous studies have reported that the rooted leaves of sweetpotato grown at a constant elevated 
RZT (35°C) showed a 90% reduction in storage root dry-biomass, compared to crops grown at 
25°C (Spence and Humphries 1972). This corresponds to study by Eguchi (2000) who reported 
that the maximum storage root dry-biomass of sweetpotato was produced at temperatures between 
24°C and 26°C.  When roots were exposed to higher or lower temperatures, storage root dry-
biomass was greatly reduced (Eguchi 2000). It has been suggested that the reduction of storage 
root formation at elevated RZTs is due to increased lignification of the stele, even though the 
primary vascular cambium can be quite well established (Ueki and Sasaki 1987).  
 
The effect of heat stress varies depending on the plant species/genotype, and the magnitude and 
duration of elevated temperatures (McDonald and Paulsen 1997). Temperature can affect plant 
metabolism, with changes to photosynthesis following increased RZT commonly observed, and 
considered a good indicator of plant thermotolerance, given they show correlations with plant 
growth and yield (Wahid et al. 2007). Any constraint to photosynthesis can limit plant growth, and 
it has been suggested that photochemical reactions in thylakoid lamellae and carbon assimilation 
in the stroma of chloroplasts are the main causes of the inhibition observed at high temperatures 
(Wahid et al. 2007). In past years, chlorophyll fluorescence measurements have been commonly 
used to study the responses of plants to temperature stress under controlled and field conditions in 
crops such as tomato, potato, and rice (Dobrowski et al. 2005; Havaux 1993; Uchida et al. 2002; 
Willits and Peet 2001). In addition to its effect on photosynthesis, a well-known consequence of 
elevated temperature is an increase in respiration, and in general, the rate of photosynthesis 
decreases while respiration rates increase at high temperatures (Wahid et al. 2007). However, in 
spite of extensive work conducted on the effect of RZT on plants in general, the effect of elevated 
RZTs on sweetpotato photosynthetic rate, chlorophyll fluorescence, growth, and yield remains 
poorly understood. This study aims to characterise sweetpotato storage root formation and growth 
under high RZT. Specifically, the study aimed to test the hypothesis that RZT would inhibit 
sweetpotato storage root formation and growth.  
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Material and Methods 
 
Experimental setup 
 
The study was carried out in a temperature-controlled glasshouse (25°C ±5°C) at the University of 
Queensland, St Lucia campus, Australia. The experiment was conducted as a randomized complete 
block design with three treatments and four replicates. Four pots were prepared for each 
treatment/replicate combination to permit destructive harvests at 2, 4, 6, and 8 weeks after planting 
(WAP). A total of 48 pots were prepared. A temperature of 40°C was set as the maximum RZT, 
while the control plant was maintained at the 25°C (glasshouse temperature) for the whole period 
of study. Three RZT treatments were applied as follows; 25°C (control plants), 30°C, and 40°C.  
 
Pot setup and plant culture  
 
Plants were grown in a 1:1 sand:peatmoss (by volume) media. Basal fertilisers were mixed 
uniformly through the media at rates equivalent to 150 kg N ha-1, 60 kg P ha-1, 180 kg K ha-1, 12 
kg S ha-1, 6 kg Ca ha-1, 3 kg Mg ha-1, 17 kg Fe ha-1, 0.1 kg B ha-1, 2.5 kg Mn ha-1, 1 kg Cu ha-1, 1 
kg Zn ha-1 and 0.05 kg Mo ha-1 on a pot area basis. A rectangular heating element made from 13 
mm diameter polyethylene (PE) pipe was inserted into the centre of the potting mix. The potting 
mix was then brought to field capacity with DI water. Beauregard sweetpotato vines were cut into 
approximately 30 cm lengths with four nodes. Three nodes were then inserted horizontally into 
the potting mix. The moisture content of the potting media was maintained using the semi-
automated sub-irrigation system described previously in Appendix A and Chapter 3 (Hunter et al. 
2012). To create the elevated RZT, a water bath and a pump were employed in each treatment to 
circulate heated water through the main PE line in each pot. Temperature and moisture content in 
treated and control compartments were monitored hourly (5TE, Decagon, Pullman, WA, USA, 
EM50, Decagon, Pullman, WA, USA), and the RZTs observed throughout the study period are 
presented in Figure B1. The surface of each pot was covered with polystyrene and reflective 
insulation sheet (Ametalin SilverWrapTM Breather, Regency Park, SA, Australia) to prevent heat 
and water loss from the potting mix.  
  
 142 
 
 
Figure B1 Root zone temperatures at 25, 30 and 40°C 
 
Gas exchange and leaf respiration measurements 
 
An infrared gas analyser 6400XT (Li-COR Inc., Lincoln, NE, USA) was used to estimate the 
maximum leaf CO2 assimilation rate (PNmax) of plants at 2, 4, 6, and 8 WAP during the daytime 
period. This gas exchange rate was measured twice at middle on the uppermost, youngest, fully 
extended leaves from the 7th – 10th in each single plant. The photosynthetic active photon flux 
density provided by a LED light source was held constant at 1000 µmol m-2 s-1 during 
measurements. Leaf temperature was kept constant at 30°C, relative air humidity was 50 to 60%, 
and CO2 concentration inside the leaf chamber was maintained at 450 µmol(CO2) mol
-1. 
 
Leaf respiration measurement 
 
Dark respiration was also measured with an infrared gas analyser 6400XT (Li-COR Inc., Lincoln, 
NE, USA) at 8 WAP. The analyser was equipped with CO2 control at a temperature of 25°C and 
the response was measured according to the actual leaf temperature of approximately 25°C. The 
measurement was made on fully expanded (individual) leaves from the upper canopy at night (after 
2000 h) in the dark. 
 
 Measurement of chlorophyll fluorescence Fv/Fm ratio  
 
Chlorophyll fluorescence measurements were made at 2, 4, 6 and 8 WAP using an OS30p+ hand-
held Chlorophyll Fluorometer (Opti-Sciences Inc, NH, USA). All measurements were made on 
mature, healthy, fully expanded leaves (six leaves per plant) at night (between 20.00 to 22.00h 
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local time). Data are presented as the ratio between variable chlorophyll fluorescence (Fv) and 
maximum chlorophyll fluorescence (Fm), Fv/Fm. The ratio Fv/Fm, provides a measure of the 
quantum yield in the Photosystem II, or the potential quantum efficiency.  
 
Plant measurements 
 
Plant samples were harvested 2, 4, 6, and 8 WAP. The samples were first separated into 
aboveground and belowground parts. The aboveground parts were further separated into stems-
plus-petioles and leaves. Leaf area per plant was measured using a leaf area meter (Li-3100C, LI-
COR, Lincoln, NE, USA). Belowground parts were carefully washed with deionized water to 
remove the potting media and separated into fibrous roots (<0.5 cm diameter) and storage roots 
(>0.5 cm diameter) (Villordon et al. 2012). Leaves, stems, storage roots, and fibrous roots were 
dried at 70°C to constant weight and their dry-biomass recorded.  
 
Statistical analysis 
 
The plant parameters of total dry-biomass, leaf area, total number and dry-biomass of storage roots, 
total fibrous root dry-biomass, chlorophyll, and photosynthetic rate were analysed using a one-
way analysis of variance (ANOVA) for a randomized complete block design using Minitab v.16 
(Minitab Inc, State College, PA, USA). Mean comparisons between treatments were conducted 
using the least significant difference test (LSD) at p<0.05.  
 
Results and discussion 
 
Chlorophyll Fluorescence 
 
Root zone temperature had no significant impact on the chlorophyll fluorescence of sweetpotato 
(Figure B2). In this study, the Fv/Fm ratio increased with increasing age of sweetpotato plants 
between 2 to 4 WAP, before remaining fairly constant until the final harvest at 8 WAP. The Fv/Fm 
ratio reflects the potential efficiency of photosystem II reactions, with values of 0.79 to 0.83 
indicating optimum plant photosynthetic performance for most plant species (Maxwell and 
Johnson 2000), and lower values indicating plant exposure to environmental stress (Somersalo and 
Krause 1989). In this study the Fv/Fm ratio ranged between 0.78 to 0.82, which is within the 
optimum range, indicating that elevated RZT did not significantly affect photosynthetic activities. 
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Figure B2 Chlorophyll fluorescence of sweetpotato exposed to RZTs of 25, 30 and 40°C at 2, 4, 
6 and 8 weeks after planting (WAP). The vertical bars represent the standard deviation of replicate 
measurements. 
 
Photosynthetic rates on area basis 
 
In the early stages of growth, the net photosynthetic rate was observed to be greater in plants grown 
at a lower RZT (Figure B3). At 2 WAP, the net photosynthetic rate of plants exposed to 25°C was 
23.4 µmol CO2 m
-2 s-1, which was significantly greater than plants exposed to a RZT of 30 or 40°C 
(17 to 18 µmol CO2 m
-2 s-1). However, from 4 WAP onward, the net photosynthetic rate was not 
significantly affected by temperature, and ranged from 17.9 to 22.3 µmol CO2 m
-2 s-1 at 4 WAP, 
20 to 22.7 µmol CO2 m
-2 s-1 at 6 WAP and 19.3 to 20.3 µmol CO2 m
-2 s-1 at 8 WAP. The 
photosynthetic rates observed in this study were within the range observed for peanuts aged 7 to 8 
WAP grown at 22 to 27°C (15 to 27µmol CO2 m
−2 s−1) (Awal and Ikeda 2003a). However, in 
peanut, the leaves of plants exposed to elevated RZTs tended to show a greater photosynthetic 
rate, which was associated with their chlorophyll content. However, in this study, chlorophyll 
fluorescence showed a similar response to photosynthetic rate (Figure B2). A close linear 
correlation (r2=0.91) has been observed between net photosynthetic rate and chlorophyll 
fluorescence, with decreased ratios observed under light saturated conditions  (Lichtenthaler et al. 
2007). In this study, it is apparent that the elevated RZT significantly affected net photosynthesis 
during the early stages of growth, but had no effect during the later stages.  
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Figure B3 Net photosynthetic rate, on a leaf-area basis, of sweetpotato exposed to RZTs of 25, 30 
and 40°C at 2, 4, 6 and 8 weeks after planting (WAP). Error bar represents the LSD (p<0.05) 
between root zone temperature means for net photosynthetic rate at 2 WAP. The vertical bars 
represent the standard deviation of replicate measurements. 
 
Respiration rate on leaf area basis 
 
The respiration rate at 8 WAP showed a similar pattern to the photosynthetic rate observed at the 
same time.  That is, the respiration of sweetpotato leaves was not significantly affected by RZT, 
and ranged from 1.9 to 2.2 µmol CO2 m
-2 s-1. The values recorded for the respiration rate, 
chlorophyll fluorescence, and net photosynthetic rate all indicate that the leaves of sweetpotato 
plants were physiologically active and functioning without any recognizable stress constraint 
during the study period.  
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Figure B4 Respiration rate on a leaf-area basis of sweetpotato exposed RZTs of 25, 30, and 40°C 
at 8 weeks after planting (WAP). The vertical bars represent the standard deviation of replicate 
measurements. 
 
Aboveground biomass and leaf area production 
 
Elevated RZT did not significantly affect the aboveground biomass (leaves and stems) of 
sweetpotato plants at any harvest date (Figure B5-a). However, the leaf area of plants exposed to 
a RZT of 30°C was significantly greater than that of plants grown at 25 or 40°C at 2 and 4 WAP 
(Figure B5-b). At 6 WAP there was no significant differences in leaf area production between 
treatments, while at the final harvest, plants exposed to 25 and 30°C had a greater leaf area than 
plants exposed to 40°C.  
 
 
  
 
  
 
 
 
 
 
Figure B5 The aboveground biomass (a); and leaf area (b) of plants exposed to RZT of 25, 30 and 
40°C at 2, 4, 6 and 8 weeks after planting (WAP). Error bar represent the LSD (p<0.05) between 
root zone temperature means for leaf area at each harvest date. 
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Belowground biomass 
 
Elevated RZT did not result in any change in the number of storage roots at 2, 4, and 6 WAP 
(Figure B6-a). However, plants exposed to 25 and 30°C had a significantly greater number of 
storage roots than plants exposed to 40°C at 8 WAP (Figure B6-a). Similarly, the storage root dry-
biomass of plants exposed to RZTs of 25, 30, and 40°C was not significantly different at 2, 4, and 
6 WAP (Figure B6-b). However, plants exposed to 25°C had a significantly greater storage root 
biomass than plants exposed to 40°C at 8 WAP, while both treatments did not significantly differ 
at 30°C (Figure B6-b). The greater number and dry-biomass of storage roots produced at 8 WAP 
at temperatures of 25 and 30°C was associated with greater leaf area production in plants exposed 
to RZT of 25 and 30°C (Figure B5-b). Although the photosynthetic rate was similar among 
treatments, a greater leaf area would mean that plants could produce and allocate greater 
photoassimilates for storage root production. Furthermore, the respiration rate tended to be greater 
in sweetpotato plants exposed to elevated RZT (although was not significantly different), which 
may have also resulted in less photoassimilates being allocated to storage roots.  
 
Elevated RZT did not affect the fibrous root dry-biomass of sweetpotato at any harvest date (Figure 
B6-c).  Fibrous root biomass ranged between 0.5 and 1.0 g plant-1 at 2 WAP, 3.3 and 4.9 g plant-1 
at 4 WAP, 3.7 and 5.1 g plant-1 at 6 WAP and 6.4 and 6.9 g plant-1 at 8 WAP (Figure B6-c). 
 
 
 
Figure B6 The dry-biomass of storage roots (a); the number of storage roots (b); and the dry-
biomass of fibrous roots (c) for plants exposed to RZTs of 25, 30, and 40°C at 2, 4, 6 and 8 weeks 
after planting (WAP). Error bar represent the LSD (p<0.05) between root zone temperature means 
for the number and dry-biomass of storage roots at 8 WAP. 
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In summary, chlorophyll fluorescence, photosynthetic rate, respiration rate, leaf area, and 
belowground biomass production were used to characterise the growth and yield of sweetpotato 
plants exposed to RZTs of 25, 30, and 40°C. The result showed that while chlorophyll florescence, 
photosynthetic rate, and respiration rate were not affected by elevated RZT (except photosynthetic 
rate in the very early stages of growth), leaf area production was significantly reduced when plants 
were exposed to high RZT. This effect was also associated with a fewer number and dry-biomass 
of storage roots at elevated RZT. The results from this study thus support the hypothesis that 
increasing RZT inhibits the storage root formation and growth of sweetpotato.   
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Appendix C. The sensory taste of sweetpotato storage roots grown under the mound 
culture with N fertiliser and plant residue addition 
 
Introduction 
 
Sweetpotato is an important food crop grown throughout the tropical and temperate regions of the 
world (Lebot 2009). It is one of the most efficient food crops in terms of caloric value produced 
per unit of land area, is relatively easy to grow (even on poor soil), and is drought-tolerant (Lebot 
2009; Woolfe 1992). In Papua New Guinea (PNG), sweetpotato contributes more than 60% of the 
total food energy derived from staple root crops (Bourke 2009), with 75% of total PNG production 
being produce in the highlands (Bourke and Vlassak 2004). In the PNG highlands, sweetpotato is 
commonly cultivated under the large mound culture, where plant residues are employed as a source 
of nutrients instead of mineral fertilisers (Taraken and Ratsch 2009). Farmers have suggested that 
sweetpotato grown on large mounds with added plant residues produce more flavourful (“better 
tasting”) storage roots than those grown using fertiliser addition (Bourn and Prescott 2002; 
Kirchhof pers. comm. 2015). It has been recognised that the application of fertilisers in crop 
production can affect the composition of plant material (Bourn and Prescott 2002), with most 
studies indicating that the higher the amount of nitrogen available to crops, the higher their uptake, 
and as a consequence, the higher their nitrogen and nitrate content. However, it is unclear whether 
the use of organic sources of N (as occurs in mound cultures) results in different plant compositions 
to the use of inorganic sources of N. Recently, increased attention has been devoted to the 
utilisation of organic instead of mineral fertilisers. In addition, claims have been made regarding 
the superiority of crops grown with organic sources, in terms of their nutritional content and 
flavour. However, there have been no studies conducted to either support or refute these claims 
for sweetpotato grown under mound culture. The aim of this study was to establish whether there 
are sensory taste differences between the storage roots of sweetpotato grown under the mounds 
with added N fertiliser versus plant residues. The hypothesis was tested that no sensory taste 
differences would be observed between the two samples. 
 
Material and Methods 
 
Preparation of samples for sensory evaluation 
Two sweetpotato cultivars, namely Beauregard and Northern Star, were collected from the farm 
(UQ research facility, The University of Queensland, Gatton campus) where sweetpotato was 
grown using either fertiliser addition (i.e. 150 kg N ha-1) or under plant residue addition (i.e. 50 t 
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fresh biomass ha-1) to supply N. Storage roots were harvested during February/March 2016 and 
stored in a cold room at 4ºC for two months prior to sensory evaluation. The sensory evaluation 
was carried out in April 2016.  
 
For each cultivar, four medium-size (diameter 60 to 75 mm, length 180 to 250 mm) storage roots 
were randomly selected and carefully washed with tap water. Then, each storage root was cut into 
two pieces to fit into a boiling pot and quicken the boiling process. The pieces were boiled (100 
ºC) for 40 minutes, before being removed. Cooked pieces were cooled for five to ten minutes and 
then cut into small pieces 1 cm3 (Figure C1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C1 Cooked storage roots of (a) Beauregard; and (b) Northern Star cut into a size of 1 cm3 
 
Sensory evaluation 
 
Sensory evaluations were conducted by a total of 31 panellists selected from staff and students at 
the school of Agriculture and Food Sciences, University of Queensland, St Lucia, Australia. The 
panellists were instructed to provide their responses to the different sweetpotato samples after they 
had completed tasting all of the samples presented (Figure C2). Each sweetpotato cultivar was 
prepared in 2 sets, with each set made up of three samples of sweetpotato placed individually in 
identical white polystyrene pots, and labelled with a randomly generated 3 digit code (Table C1). 
Set 1 included two samples of storage roots from sweetpotato grown with fertiliser addition and 
one from sweetpotato grown with plant residue addition, while set 2 included two samples of 
storage roots from sweetpotato grown with plant residue addition and one from sweetpotato grown 
with fertiliser addition. Sweetpotato was presented to the panellists within an hour after boiling, 
with the first 18 panellists receiving set 1 for both cultivars, and the remaining 13 panellists 
receiving set 2 for both cultivars. Each panellist was asked to indicate which sample was the odd 
sample in each set (Figure C2). 
(a) (b) 
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Figure C2 Score sheet for Triangle Test 
 
Data analysis  
 
In the triangle test, the samples were presented randomly to the panellists in six possible 
combinations: AAB, ABA, BAA, ABB, BAB and BBA. Analysis of the results from panellists 
was then conducted using a chi-square distribution test at a significance level of α=0.05. The 
adjusted chi-square (χ2) formula for calculation is as follows: 
 
   χ2 = [
(𝑂1−𝐸1)2−0.5
𝐸1
+ 
(𝑂2−𝐸2)2 −0.5
𝐸2
]    (C1) 
 
Where O1 is observed number of correct choices, O2 is observed number of incorrect choices, E1 
is the expected number of correct choices (p=1/3), and E2 is expected number of incorrect choices 
(p=2/3)(Lawless and Heymann 2010). 
 
Results and discussion 
 
For the triangle test with 31 panellists, a minimum of 16 correct identifications were required for 
results to be considered significant at p<0.05 (Roessler et al. 1978; Schlich 1993). In the current 
study, 15 panellists successfully identified both the odd samples of Beauregard and Northern Star 
sweetpotato (Table C1). The adjusted chi-square (χ2) in both cultivars was 3.09, which is lower 
than χ2 value of 3.84 (p<0.05) (Lawless and Heymann 2010), indicating that there was no 
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significant difference perceived in the taste of sweetpotato grown using N fertiliser versus plant 
residues. 
 
Table C1 The correct identifications of the odd sample in each sample set of Beauregard and 
Northern Star sweetpotato grown under mound culture with N fertiliser and plant residue. 
 
Panellists 
Beauregard  Northern Star 
Sample 
description 
Correct 
Not 
correct 
 
Sample 
description 
Correct 
Not 
correct 
1 236 817 321   x  428 937 575 x   
2 236 817 321   x  428 937 575 x   
3 236 321 817   x  428 575 937   x 
4 321 236 817 x    575 428 937 x   
5 321 236 817   x  575 428 937   x 
6 236 321 817   x  428 575 937   x 
7 236 817 321 x    428 937 575   x 
8 321 236 817   x  575 428 937 x   
9 321 817 236   x  575 937 428   x 
10 236 817 321 x    428 937 575   x 
11 236 321 817   x  428 575 937   x 
12 817 236 321   x  937 428 575 x   
13 817 321 236   x  937 575 428 x   
14 817 321 236   x  937 575 428   x 
15 321 236 817 x    575 428 937   x 
16 817 236 321   x  937 428 575 x   
17 236 817 321   x  428 937 575   x 
18 236 321 817 x    428 575 937 x   
19 321 817 625 x    575 937 728 x   
20 321 625 817 x    575 728 937 x   
21 817 321 625   x  937 575 728   x 
22 321 625 817 x    575 728 937 x   
23 817 321 625 x    937 575 728 x   
24 817 321 625 x    937 575 728 x   
25 321 817 625 x    575 937 728   x 
26 321 625 817   x  575 728 937   x 
27 321 817 625 x    575 937 728 x   
28 817 625 321 x    937 728 575   x 
29 625 817 321 x    728 575 937 x   
30 817 625 321 x    937 728 575   x 
31 817 321 625   x  937 575 728   x 
Total    15 16  Total  15 16 
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The hypothesis that panellists would not be able to detect differences between the taste of samples 
was supported by the current results, with only 48% of panellists correctly identifying the odd 
sample for both cultivars. In this study, 17 (Beauregard) and 14 (Northern Star) panellists 
suggested that the sweetness of the sweetpotato was the main characteristic that differentiated the 
odd samples (Table C2). However, the panellists’ perception of which sweetpotatos were sweeter 
was inconsistent, with some panellists suggesting that the roots of plants grown using plant residue 
were sweeter than plants grown using N fertiliser, and other panellists suggesting the opposite. In 
addition, previous studies have reported that sugars, sucrose, total sugars, and ascorbic acid levels 
are not generally influenced by N rate (Constantin et al. 1974), although the starch content of 
storage roots can be increased by 0.5 to 1.7 % by increasing N rate from 0 to 90 kg ha-1 (Bartolini 
1982). Some panellists also identified texture as the factor that distinguished the taste of different 
storage roots. Previous studies have reported that increases in N application rates from 0 to 100 kg 
ha-1 increased firmness and decreased the percent fibres in fresh storage roots, with further 
increases in N application to 202 kg N ha-1 decreasing the percent dry matter of storage roots 
(Constantin et al. 1974; Hill 1984). 
  
Table C2 Characteristic scores for sweetness, texture, crunchy and others of storage roots of 
Beauregard and Northern Star sweetpotato grown under mound culture with N fertiliser and plant 
residue addition 
 
Cultivars sweetness texture crunchy others Total 
Beauregard 17 9 - 5 31 
Northern Star 14 8 2 7 31 
 
In conclusion, this study showed that there were no significant differences in the sensory taste of 
sweetpotato storage roots grown using N fertiliser versus plant residues in large mounds. However, 
even if storage roots under organic production are not superior in terms of taste, implementing 
organic management is desirable from a safety and environmental perspective. Thus, it is also 
important to assess if organic growing methods (i.e. large mound culture) adversely impact sensory 
characteristics, this would discourage consumers from choosing organic over conventional 
produce (Bourn and Prescott 2002).  
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Appendix D. Data analysis of Chapter 5 
 
Table D1 Analysis of variance for total and marketable storage root yield and total and marketable number of storage roots in response to land 
preparation, soil fertility management, and cultivars.  
Sources df 
Mean square 
Storage root yield (t ha-1) Number of storage roots  
Total Marketable Total Marketable 
Land preparation (LP)a 1 160.9 294.6 0.001 3.125* 
Soil fertility (SF)b 1 1263.8* 901.3* 1.620 0.9112 
Cultivars (C)c 1 4.800 142.1 0.001 0.3200 
LP * SF 1 255.2 31.10 1.361 1.0513 
LP * C 1 43.20 0.40 0.980 0.4050 
SF * C 1 291.0 178.8 4.351 2.1013* 
LP * SF * C 1 68.20 3.20 0.005 0.3612 
Error 24 139.6 
 
109.6 1.102 0.3919 
Total 31     
a  Land preparation included flatbeds and mounds;  
b Soil fertility management included fertiliser and lucerne;  
c Cultivars included Beauregard and Northern Star 
* Significant at p<0.05 
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Table D2  Analysis of variance for aboveground biomass (AB), root biomass (RB)† and total plant biomass (TB) in responses to land preparation, soil 
fertility management and cultivars. 
Sources df 
Mean square 
4 WAP (g plant-1) 8 WAP (g plant-1) 12 WAP (g plant-1) 18 WAP (kg plant-1) 
AB RB TB AB RB TB AB RB TB AB RB TB 
Land preparation (LP)a 1 121.2* 0.0496 116.30* 9008 14.1 8310 5972 513.2 2984 0 0.144 0.143 
Soil fertility (SF)b 1 1.64 0.5618 4.12 10698 2872.3 24657* 10191 7492.4* 35159* 0.512 1.137* 0.123 
Cultivars (C)c 1 323.3* 0.0045 325.70* 309114* 1715.4 264775* 1721927* 18864.1* 1380333* 118.2* 0.004 116.7* 
LP * SF 1 10.33 0.0248 9.34 17536* 3073.9* 35294* 7727 596.4 12617 0.165 0.229 0.783 
LP * C 1 43.45 0.1755 49.15 1443 241.6 504 5917 434.8 3144 0.009 0.039 0.010 
SF * C 1 3.45 0.0048 3.71 2871 132.8 4239 149 1708.9* 2867 0.891 0.262 0.187 
LP * SF * C 1 23.8 0.4512 30.00 11 426.1 299 5 2.7 0 0.845 0.613 1.362 
Error 24 15.8 0.1418 17.50 3228 557.4 4751 4632 267 2590 0.650 0.126 0.935 
Total 31             
† Root biomass refers to fibrous roots at 4 WAP and storage roots at 8, 12 and 18 WAP  
a  Land preparation included flatbeds and mounds  
b Soil fertility management included fertiliser and lucerne 
c Cultivars included Beauregard and Northern Star 
* Significant at p<0.05 
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Table D3 Analysis of variance for leaf area index at 4 WAP (LAI4), 8 WAP (LAI8), 12 WAP (LAI12), 18 WAP (LAI18) and harvest index (HI) of 
sweetpotato in responses to land preparation, soil fertility management and cultivars. 
Sources 
df 
 Mean Square (t ha-1)  
 LAI4 LAI8 LAI12 LAI18 HI 
Land preparation (LP)a 1 0.053 0.605 0.031 1.789 0.002 
Soil fertility (SF)b 1 0.000 0.500 1.531 1.908 0.017* 
Cultivars (C)c 1 0.383* 20.161* 75.031* 167.064* 0.268* 
LP * SF 1 0.008 2.101* 0.781 0.989 0.003 
LP * C 1 0.025 0.125 0.281 7.843 0.001 
SF * C 1 0.003 0.125 0.031 3.120 0.005 
LP * SF * C 1 0.025 0.101 0.031 3.701 0.000 
Error 24 0.017 0.335 1.094 3.952 0.003 
Total 31      
† Root biomass refers to fibrous roots at 4 WAP and storage roots at 8, 12 and 18 WAP  
a  Land preparation included flatbeds and mounds;  
b Soil fertility management included fertiliser and lucerne;  
c Cultivars included Beauregard and Northern Star 
* Significant at p<0.05 
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Table D4 Analysis of variance for absolute growth rate (AGR) of aboveground biomass (AB), root biomass (RB)† and total plant biomass (TB) in 
responses to land preparation, soil fertility management and cultivars. 
Sources df 
Mean square 
4 WAP (g plant-1) 8 WAP (g plant-1) 12 WAP (g plant-1) 18 WAP (kg plant-1) 
AB RB TB AB RB TB AB RB TB AB RB TB 
Land preparation (LP)a 1 0.134* 5.5x10-5 0.129* 
 
7.822 0.014 7.178 0.345 0.396 1.483 0.140 3.522 2.26 
Soil fertility (SF)b 1 0.001 6.2x10-4 0.004 12.183* 3.281* 28.109* 0.007 1.207 1.032 12.540 11.749 0.01 
Cultivars (C)c 1 0.359* 5.0x10-6 0.361* 321.60* 1.912 273.920* 635.446* 10.225* 484.458* 508.80* 51.501* 884.05* 
LP * SF 1 0.011 2.7x10-5 0.010 37.949* 3.434* 37.949* 2.202 1.069 6.341 0.700 0.243 1.77 
LP * C 1 0.048 2.0x10-4 0.054 18.550 0.283 0.265 1.684 0.031 1.257 2.410 1.179 6.96 
SF * C 1 0.003 5.3x10-6 0.004 1.095 0.149 4.992 1.902 0.987 0.148 15.300 5.441 2.49 
LP * SF * C 1 0.026 5.0x10-4 0.034 3.415 0.443 0.153 0.001 0.400 0.356 30.200 0.389 37.44 
Error 24 0.017 1.6x10-4 0.019 0.075 0.616 4.975 2.456 0.391 2.908 16.500 3.776 25.18 
Total 31             
† Root biomass refers to fibrous roots at 4 WAP and storage roots at 8, 12 and 18 WAP  
a  Land preparation included flatbeds and mounds;  
b Soil fertility management included fertiliser and lucerne;  
c Cultivars included Beauregard and Northern Star 
* Significant at p<0.05 
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Table D5 Analysis of variance for relative growth rate (RGR) of aboveground biomass (AB), root biomass (RB)† and total plant biomass (TB) in 
responses to land preparation, soil fertility management and cultivars. 
 
Sources df 
Mean square 
4 WAP (g plant-1) 8 WAP (g plant-1) 12 WAP (g plant-1) 18 WAP (kg plant-1) 
AB RB TB AB RB TB AB RB TB AB RB TB 
Land preparation (LP)a 1 0.134* 5.5x10-5 0.129* 0.005 0.003 0.006 1.2 x10-3 2.0x10-5 1.6x10-3 6.7 x10-5 1.1x10-3 0.000 
Soil fertility (SF)b 1 0.001 6.2 x10-4 0.004 0.070* 1.328* 0.126* 1.1 x10-3 9.6x10-3 1.8x10-3 3.6 x10-4 2.0 x10-5 1.2x10-4 
Cultivars (C)c 1 0.359* 5.0x10-6 0.361* 0.435* 0.460 0.210* 2.3 x10-4 2.2x10-2 5.4x10-5 8.8 x10-4 1.5x10-2* 9.3x10-6 
LP * SF 1 0.011 2.7x10-5 0.010 0.041 1.155* 0.085* 2.5 x10-3* 3.6x10-2 3.9x10-3* 4.0 x10-4 6.4x10-5 9.6x10-5 
LP * C 1 0.048 1.9x10-4 0.054 0.016 1.152 0.021 9.6 x10-6 3.4x10-3 6.3x10-6 1.7 x10-5 9.1x10-4 1.8x10-5 
SF * C 1 0.003 5.3x10-6 0.004 0.016 0.018 0.015 7.6 x10-5 1.0x10-5 3.9x10-6 4.3 x10-6 3.1x10-5 8.4x10-6 
LP * SF * C 1 0.026 5.0x10-4 0.034 0.019 0.010 0.015 1.1 x10-4 1.1x10-2 3.9x10-5 8.8 x10-4 1.6x10-4 3.8x10-4 
Error 24 0.017 1.5x10-4 0.019 0.015 0.171 0.014 3.4 x10-4 1.0x10-2 5.4x10-4 2.9 x10-4 6.6x10-4 1.5x10-4 
Total 31             
† Root biomass refers to fibrous roots at 4 WAP and storage roots at 8, 12 and 18 WAP  
a  Land preparation included flatbeds and mounds;  
b Soil fertility management included fertiliser and lucerne;  
c Cultivars included Beauregard and Northern Star 
* Significant at p<0.05 
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Table D6 Analysis of variance for nitrogen content in aboveground, storage roots and total plant biomass of sweetpotato in responses to land 
preparation, soil fertility management and cultivars. 
 
Source df 
Mean square of N concentration Mean square of N content (t ha-1) 
Leaf aboveground Storage roots aboveground Storage roots Total plant 
Land preparation (LP)a 1 0.5802* 0.00128 0.00901 205.0 2755.0 1456.0 
Soil fertility (SF)b 1 0.4638* 0.01105 0.01256 6403.0 3733.0 358.0 
Cultivars (C)c 1 0.1682 0.02975 0.02313 715712* 1298.0 777964* 
LP * SF 1 0.1951 0.00030 0.02581 177.0 663.0 1524.0 
LP * C 1 0.0254 0.06880 0.00271 19936 7.0 20683 
SF * C 1 0.0112 0.00013 0.09488 8072.0 4121.0 658.0 
LP * SF * C 1 0.0001 0.00753 0.00001 84.000 783.0 1382.0 
Error 24 0.1018 0.01843 0.01900 14215 1380.0 20089 
Total 31       
a  Land preparation included flatbeds and mounds;  
b Soil fertility management included fertiliser and lucerne;  
c Cultivars included Beauregard and Northern Star 
* Significant at p<0.05 
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Table D7 Repeated measures of analysis of variance for soil NO3- in responses to land preparation in combination with soil fertility management. 
 
Source df Mean square of soil NO3- 
Treatment combinations (TRT)a 3 38.80 
Subjects (S)b 3 133.03 
Collection times (CT)c 3 635.25* 
TRT * CT 9 79.10 
Error 45 74 
Total 63 01 
a  Treatment combination between land preparation and soil fertility management;  
b Number of soil samples in each treatment combination;  
c Soil sampling dates 
* Significant at p<0.05 
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Table D8 Repeated measures of analysis of variance for leaf area in responses to N fertilisation. 
 
Source df MS of leaf area 
Nitrogen fertiliser (TRT)a 5 481491168* 
Subjects (S)b 2 16444822 
Collection times (CT)c 3 297663046* 
TRT * CT 15 26700580* 
Error 48 6442560 
 Total 71  
a  Nitrogen application rates for Northern Star sweetpotato;  
b Number of samples in each treatment;  
c Collection times 
* Significant at p<0.05 
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Table D9  Repeated measures of analysis of variance for Fv/Fm in responses to root zone temperature. 
 
Source df MS of Fv/Fm 
Root zone temperature (TRT)a 2 0.000221 
Subjects (S)b 31 0.000338 
Collection times (CT)c 3 0.007606* 
TRT * CT 6 0.000682 
Error 173 0.000596 
Total 215  
a  Root zone temperature applied for sweetpotato;  
b Number of sampling points in each treatment;  
c Collection times 
* Significant at p<0.05 
 
